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ABSTRACT

DENNIS FREEMAN NAUGLE
(Under the direction of Dr. Donald L. Fox)

\\\ CONTROL OF AIR POLLUTION FROM AVIATION:
S THE EMISSION STANDARD SETTING PROCESS

Air pollutant emissions from aviation sources are a small but
increasing part of all emissions on a national scale. The United
States Environmental Protection Agency first issued emission stan-
dards for aircraft engines in 1973 and has repeatedly changed the
control regulations since that time. Critics claim the standards
are too stringent and do not solve any real air pollution problems.
Proponents argue that ambient air standards for oxidants and other
pollutants are frequently violated and will not be achieved unless
control technology is applied to many sources - including those the
size of airports.

-

The objective of this research is to evaluate the potential
effects of aviation on ambiefnit air quality with special emphasis
on the requirement and techniques for setting aviation control stan-
dards. A logical framework called the "hypothesis decision model"
was developed. It offers a structured way of dealing with complex
issues. Application of the model focuses on aircraft sources but
a generic version is also propoted. Adoption would explicitly do-
cument the manner that technjcal evidence is considered in a variety
of decisions concerning the ,establishment of emission standards.

Various techniques to evaluate and set aviation emissionigtan-
dards are compared. They are envisioned as additional alternatives
to the exclusive application of maximum control technology. Inte-
gration of results from these techniques as well as findings from
the hypothesis decision model lead to the overall study recommenda-
tions and conclusions.

Analyses of all current evidence suggest that aviation sources
are not a direct cause of health and welfare effects. Conversely,
studies have not proven that aviation sources are insignificant as
contributors to air pollution problems. A wide range of policy
choice exists in the establishment of specific emission standards.
Stringent standards for aircraft hydrocarbon emissions are suggested
since the control technology is available and cost effective. Stan-
dards for the control of carbon monoxide from aircraft engines should
be relaxed or eliminated. There is simply no problem which would be
solved by such a regulation. Aviation standards for oxides of nitro-
gen (NO ) are not now suggested., The difficulty in meeting Nox con-
trol technology, high cost of control, and absence of a link between
aircraft emissions and air quality effects are all key issues which
should be addressed in the future.
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PREFACE

Material presented in this work covers a broad spectrum of
topics ranging from the philosophical aspects of air quality
management to the engineering of gas turbine engine emission control
alternatives. Few readers are expected to have enough time or
interest to read it cover to cover. A departure is therefore made
from the normal format where all issues are discussed in the text
of the body of the dissertation.

A graphical approach or "model", as shown in Figure V-1, is
used to portray the inter-relationship of many technical issues
of interest in the emission standard setting process for aviation
sources. Descriptions and summary conclusions of these issues are
in tables rather than in the text. Supporting details are in
appendices keyed to the graphical models. This format is intended
to emphasize a systems concept as applied to the standard setting
process. It will hopefully prevent the reader from becoming en-
meshed in complex technical details, which are a necessary part of
any standard setting process, yet losing sight of the relevancy of

these details toward the overall goal of standard setting.




various levels of readers:

Level/Interest of Reader

1. Executive Overview

2. Gemeral Interest in Emission
Standard Setting

3. General Interest in Aviation
and Air Quality

4. Specific Interest in an
Aviation Technical Issue

5. Detailed Interest in Aviation
Emission Standard Setting

xii

A guide is suggested below to assist review of this work by

Locations in Report

~Chapters I, VI, X, XI

~Chapters V, VII, VIII and
Appendix A

~Chapters I, II, VI, IX, X, XI

-Chapter V to find the particular
issue in Appendix A (e.g. Aviation
control technology is in Appendix
A.4 and A.7, effects of aviation
on air quality are in Appendix A.3
and A.S5).

-All chapters in sequence,
Figure A~1l, and specific evidence
on various issues as shown in the
detailed test of hypothesis tables
in Appendix A.
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GLOSSARY
A/C —— Abbreviation for aircraft in charts.

Air Pollution Control Philosophy -- Used in this work to describe
the basic approaches to air quality management.

BACT -- Best available control technology. Used in this work to
mean judgements of the lowest emissions technologically
practicable.

Control Techniques -~ Procedures or equipment which can reduce air
pollution emissions.

Emission Standard Setting Process -- Used to describe all activities
and issues required to set emission standards.

Event Trees -~ Used in this work to describe methodology which
quantitatively estimates probabilities of air quality con-
centrations. Uncertainties in source emission rates, control
variations, atmospheric dispersion, and prediction errors
are considered.

Hypothesis Decision Model -- A logical framework proposed as a
structured way of dealing with complex emission standard
setting issues.

t IUE -- In Use Engines which are effected by the proposed EPA
¢ retrofit emission standard.

LTO -- Aircraft Landing and Takeoff cycle. Only emissions in the
airport vicinity are considered in this study. The LTO
cycle is composed of average times in the approach, taxi-in,
start-up, taxi-out, takeoff, and climb-out aircraft modes.

L NAAQS ~- National Ambient Air Quality Standards. Further descrip-

g tion in Table A-1l,

|

NCE -- Newly Certified Engines to which the most stringent regulations
may be applied.

NME -- Newly Manufactured Engines which have already been certified
for air worthiness.

Techniques for Standard Setting -- Used to describe quantitative
methods to evaluate the utility or set the level of aviation
emission controls.




CHAPTER I
INTRODUCT ION
The Federal Clean Air Act, Section 231, directs the Environ-
mental Protection Agency (EPA) Administrator to issue emission
standards for:
"...Aircraft engines which in his judgement causes or
contributes to, air pollution which may reasonably be
anticipated to endanger public health or welfare'.
Given that strong congressional mandate, EPA first issued regulations
for civil aircraft engine emissions in 1973. Numerous revisions
have since occurred and are currently under consideration. Debate
over the need and methods to set standards for the control of air
pollution from aviation has continued for over tem years without

resolution.

A. Aircraft Standards In Perspective

Critics suggest that the Federal regulations for aircraft engines
are overly complex, too stringent, and won't solve any air pollution
problems. Aviation related sources, including aircraft, support
equipment, and automobiles near busy airport terminals are not con-
sidered as primary components of regional and local air pollution
problems. Aircraft emissions on the ground and within the lower
"mixing layer' of the atmosphere account for less than 1% of all
anthropogenic emissions in the United States. Regional percentages
range from a fraction of 1% to 37 depending on the pollutant specie,
specific airport, and geographical region considered. A link between
aircraft emissions and health and welfare effects has never been

demonstrated.
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Proponents of aircraft regulations argue that ambient air
pollution standards for pollutants such as oxidants are frequently
violated and cannot be met unless the best available technology is
applied to many sources including those the size of airports. Busy
airports annually emit tens of thousands of tons of carbon monoxide
(CO), and several thousands of tons of total hydrocarbons (THC), and
oxides of nitrogen (NOX). Although not directly applicable, aviation
sources are far greater than the definition of a "major stationary
source" or "major emitting facility" as one which emits over 100 tons
per year of any pollutant in the Clean Air Act, Section 302. The
busiest airports are usually in close proximity to densely populated
and polluted urban areas. Therefore, simple analyses do not allow
airports to be clearly dismissed as insignificant contributors to
local air pollution levels.

Three factors are paramount in consideration of future aviation
control standards:

1. All past and currently proposed standards are complex
in format (Chapter IV). They result from judgements
of the "best available control technology". These
judgements are based on difficult engineering and
policy considerations. Since past projections of con-
trol levels and compliance deadlines have proven to be
unrealistic, some changes seem inevitable.

2. Recent cost effectiveness studies have indicated that
control costs are consistent with other mobile and
stationary sources for some pollutant species but
not other species. Projected control costs of up to

several billion dollars over the next ten years lead
to questions of whether the benefits outweigh the costs.

3. Considerable research to quantify the potential air
quality benefits from aviation emission reductions has
been conducted throughout the 1970's. Results have
not clearly substantiated the early conclusion that
aviation sources cause localized "hot spots" which are
detrimental to health and welfare. The air quality im-
provements from implementation of expensive emission
control programs are therefore not clear.




Various control strategies for aviation emissions have conse-
quently been proposed, legislated, and redirected over the past
decade. These changes will persist as long as there are differences
of opinion in the feasibility of engineering controls, and even
the basic need for such controls.

B. Research Objectives and Task Areas

The thesis of this author is that a satisfactory resolution to
| aviation standard setting issues will come not from a few key scien-
tific studies, but from an integration of the hundreds of past
studies., The objective of this research is to evaluate the potential
effects of aviation on ambient air quality with special emphasis on
the requirement and techniques for setting control standards. This
involves extensive literature review and analyses plus original work

in the development of a standard setting model and alternative tech-

niques to derive recommended control strategies for aviation sources.
Five task areas were identified at the early stages of this work.

Task 1 - Literature Review

A comprehensive literature search has been conducted and published

as a paper at an Air Pollution Control Association Annual Meeting

(Naugle, 1980). Nearly 200 references have been analyzed and
collectively form one of the most complete libraries concerning the
evaluation of ambient air pollution from aviation sources. Additional
works have also been reviewed during the course of this study, mostly
in areas of standard setting, aircraft engine emission test procedures,
combustion chemistry, aircraft engine engineering controls, and
aviation emission cost of control studies. Summaries of these works
have been used but no attempt has been made to duplicate the detailed

analyses done by others.




Task 2 - Model Development

A logical framework called the "hypotheses decision model" is
proposed and described in Figure V-1 of this work. The function of
the model is to show the inter-relationship of the many technical
issues involved in the aviation emission control standard setting
process. A specific hypothesis statement is made for each key issue.
While this model is designed for aviation sources, it offers a struc-
ture for analysis of other sources, particularly where the resulting
air ~.ality effect is marginal or controversial.

Task 3 - Model Application and Evaluation

The hypothesis decision model is specifically applied to the
ayiation emission standard setting process. Each hypothesis along
the primary pathway is evaluated by consideration of all evidence in

the literature and by calculations from the techniques described in

Task 4. Conclusions are synthesized from all relevant technical data.

The primary pathway in the model is defined by a true or false con-
clusion for each hypothesis., It may or may not be along the "null
hypothesis' route shown as double lines in Figure V-1, If true or
false conclusions are not objectively possible, the pathway is
established by assumption or by consideration of both subsequent
pathways.

Although not planned in the early stages of this work, Chapter
VII was added as a preliminary evaluation of the proposed model. A
more complete evaluation would be possible in the future after appli-
cation to additional emission source categories.

Task 4 - Alternative Standard Setting Techniques

Techniques to evaluate and set aviation emission standards are
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compared and contrasted. They are envisioned as alternatives to
the exclusive use of the best available control technology for all
pollutants. Published data and original calculations are both used
for comparisons using current aviation emission and operational data.
Techniques evaluated include best available control technology, em-
pirical models based on emissions, air quality simulation models,
cost effectiveness computations, and '"event trees'". Findings from
all techniques rather than any single technique are presented in
Chapter VIII,

Task 5 - Recommendations of Aviation Control Options

Aircraft emission projections through the year 2000 are analyzed
in Chapter IX. Several levels of control ranging from no control to
the stringent standards proposed by EPA in 1978 are included. Con-
clusions and recommendations are made from the many issues and options
addressed in this work. A summary of the overall results have been
published and are presented in Appendix D (Naugle and Fox, 1981).
Supporting details as well as more recent findings are included in
this work. The hypothesis decision model and various standard
setting techniques are used to suggest the pollutants and the degree
of control which should be emphasized in future aviation emission
standards. Complete agreement of conclusions in this work cannot be
expected by all parties on all issues. However, the explicit con-
sideration of evidence in this work should tend to focus future de-
bate on specific data or judgement differences. Some scientific gaps
which cause uncertainty in the need for emission standards are also
identified. Decisions of how to deal with the remaining uncertainty
as well as with political and other considerations must still be

made by policy-makers.
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CHAPTER II
BACKGROUND

Several studies in the late 1960's and early 1970's suggested
that aircraft can be significant contributors to the regional air
pollution burden. Studies included ambient air quality measure-
ments at a few airports, air quality dispersion modelling, annual
emissions comparisons, and emission density comparisons. Based on
data available at that time, EPA concluded that aircraft exerted
an intense, localized impact on air quality which could contribute
to a significant health hazard (U.S. EPA, 1972a). The reasoning
was that controls on automobiles and stationary sources might not
adequately reduce local concentrations to meet the ambient air
quality standards unless aircraft emissions were also reduced. Pro-
mising control techniques included modification of ground operations,
better maintenance procedures, new combustion technology, and the
retrofit of older engines with '"clean combustors'. Also, a general
feeling existed that Federal aircraft emission regulations would
provide a valuable technology "forcing function" which would not
otherwise occur.

Opposing viewpoints in this time frame (late 1960's and early
1970's) were that the aircraft regulations were too stringent for
the compliance deadlines, too expensive, insignificant toward meeting
air quality goals, and uncertain with respect to safety considerationms.
Studies used to evaluate the impact of aircraft were often considered
tenuous and later shown to be inaccurate (Yamartino and Rote, 1979).

Ambient air quality measurement studies conducted at Los Angeles
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Airport and Washington National Airport were ambiguous. Attribu-
tion of measured levels to either aircraft or non-aircraft sources
was extremely difficult. Dispersion model results were based on a
newly developed model by Northern Research and Engineering Corpor-
ation (Platt and Bastress, 1971) which was never thoroughly tested
and, therefore, subject to considerable uncertainty, both in theory
and in application with the available input data.

Superimposed on the evidence both for and against setting air-
craft emission standards was the overall "mood" of the legislators,
administrators and the United States public. This was an era of
strong environmental awareness which was conducive to stringent
regulation with ambitious compliance schedules. The arguments

against aircraft regulations were superficially similar to those

recently used by the automotive industry. Overwhelming scientific
evidence over many years indicated that automobiles were a serious
source of pollution which could be drastically reduced. However,
the automotive industry continued to claim controls were unnecessary,
unfeasible, and too expensive. Automotive emission control tech-
nology was implemented only when mandated by strong regulations in
the Clean Air Act of 1970 (CAA, 1970). 1In the opinion of this
author, objectively weighing the need for aircraft emission control
regulations was clouded by the apparent analogy to automotive legis-
lation. Avoiding aircraft standards shortly after applying rigid
control standards for automobiles would have appeared inequitable,

irrespective of the technical evidence.

Aircraft engine emission control standards were consequently
{ established in 1973. A relaxation of implementation dates and

control levels has occurred several times since then. The latest




revision was proposed in 1978 and is still under consideration.

Engine manufacturers submit that standards were technoclogically

too stringent. The Clean Air Act will soon come up for congressional
review and a number of programs could be re-evaluated. While the
National Commission on Air Quality recently recommended that EPA
should continue to develop new source performance standards, it

also endorsed the current EPA philosophy of not requiring the most
stringent technology available (NCAQ, 1981, p. 2.2-17 and p. 3.7-8).
A detailed account of the past standard setting process and the
standards themselves are presented in the following two chapters.
These discussions establish essential groundwork for the standard

setting process proposed in this work starting in Chapter V.




CHAPTER III
REVIEW OF LEGISLATIVE HISTORY

The evolution of Federal aircraft emission control legislation
is presented in this chapter to enable a more thorough understanding
of both the past standard setting process and range of alternative
actions which have been considered. Both the complexity of these
standards and number of revisions are indicators of the high diffi-
culty in setting standards at best available control technology levels.
Table III-1 presents relevant legislation standards and issues. It
serves as an outline for discussion in this chapter.

The Clean Air Act of 1963 established the fact that the Federal
government was actively concerned with air pollution. It initiated
the flow of technical material and encouraged scientific exploration
of many areas relating to the analysis, and control of air pollution
problems. The 1965 'Motor Vehicle Air Pollution Control Act' re-
cognized the fact that automobiles were a serious cause of air
pollution problems and that legislation by individual states was not
an effective way of controlling the problems. The precedent for
Federal emission control standards was therefore established and later
applied to aircraft as well as some stationary sources. The first
reference to aircraft as a source which may require controls was in
the "Air Quality Act of 1967'. This act required the Secretary of
Health, Education and Welfare to study the need and feasibility of
controlling aircraft emissions. A variety of research efforts were

stimulated as a result,
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TABLE III-1

AIRCRAFT EMISSION CONTROL LEGISLATION

LEGISLATION
DATE {Including Proposed Actions) SUBSTANTIVE ISSUES
Dec. 17, 1963 P.L.* 88-206 - “Clean Alr Act -Original legislation which gave regulatory powers to the Federal

of 1963". government., Powers were limited to interstate air poliution on
an "ad hoc”® basis.
Oct. 20, 1965 P.L. 89-272 - “Motor Vehicle Air -Precedence for Federa), rather than State, control of a
Pallytion Control Act”. particular source of pollution.

Nov. 21, 1967 P.L. 90-148 - "Air Quality Act of -First mention of afrcraft tn air pollution legislation.

1967 (Section 211b). -Required study of feasibility of controlling aircraft emissions
by national emission standards.
~Required the Secretary to provide this study and his recommenda-
tions to Congress within 1 year from this Act.

Dec. 31, 1970 P.L. 91-604 (Section 102) ~Gave authority to EPA Administrator instead of Secretary of HEW.
“Clean Air Amend- (Section 109) -Required EPA to issue national primary and secondary ambient ;
ments of 1970". air quality standards. :

(Section 231) -Directed EPA to set aircraft emission standards subject to re- .
quirements of public health and welfare and limited by safety
considerations.

-Subsequently used as authority for all later EPA rule making. 1

(Section 232) -Required DOT to enforce afrcraft emission standards.

(Section 233) -Limited states from adopting or enforcing standards different
than the national aircraft emission standards.

-*o

Dec. 12, 1972 37FR26488 - "Atrcraft and Atrcraft -Proposed various afrcraft engine emission standards and test
Engines: Proposed Stand- procedures with deadlines ranging from 1/1/74 to 1/1/79.
ards for Control of Air
Pollution”.

Dec. 12, 1972 37FR26502 - "Ground Operation of Air- -Considered rulemaking to reduce emissions by altering aircraft
craft to Control Emis- taxi procedures at large “Class A" commercial airports. This
sions: Advance Notice action salicited comments prior to an EPA judgment on the ad-
of Proposed Rulemaking”. visability of rulemaking.

v
July 17, 1973 40CFR Part 87  “Control of Afr -Promulgated standards for civil aircraft for:
(or 38FR15088) Pollution from Afr- 1) Fuel venting from gas turbine engines.
craft Engines: 2) MC, €O, NO, and smoke from turbine engines.
tmission Standard 3) w¢, Co, Nox from piston aircraft.
and Test Procedures 4) MC, CO, NO_ from Onboard auxiliary power units.
for Atrcraft® x
(Sections 87.10-87.52).
l July 22, 1974 I9FR26653  “Proposed Regylations on -Proposed standards which allow for inherently high emissions
Control of Air Pollu- of SST type sircraft enginass
tion from Supersonic -HC, CO, NO__ &2 smoke ciat:.3 are proposed for 1979 or 1981.
Afrcraft”.
Aug. 16, 1876 41FR34722 “Contro)l of Afr Pollution -Promulgate standards for SST type aircraft engines.

from Afrcraft and Air-
craft Engines: Super-
sonic Aircraft".

March 24, 1978 43FR12615 "EPA Proposed Revisions -Proposals to:

to Gaseous Emissions 1) Withdrawal of standards for general aviation aircraft.
Rules for Atrcraft and 2) Withdrawal of standards for auxiliary power units.
Afrcraft Engines. 3) Two to five year delay in implementing standards depending

on specific engine and pollutant classification.
4) Relax N0, standard and delete NOy retrofit requirement.
5) Re-axamine the need for N0, stan rd, prior to implementation.

of this proposed standard.

Nov. 6, 1979 44FR64266 "Control of Air Pol- -Extends compliance date for JT3D smoke emission standards from
Tution from Aircraft September 1, 1981, to January 1, 1985.
Engines; Extension
of Compliance Date
for Emission Stand-
ards Applicable to JT3D
Engines”.

Jan. 7, 1980 AS5FR1419 "Control of Air Pollution Mithdraws gaseous emission standards for all opposed-piston
from Afrcraft and Afrcraft afrcraft engines and auxiliary power units.
Engines; Amendments to the
Emission Standards for Afr.
craft Engines”.

i *P.L. v Pudblic Law
: **FR * Yolume, Federal Register, Page Number.
' **oCFR » Title, Code of Federa) Reguiations, Part Number, Section Number.




a I —

The Clean Air Act Amendments of 1970 is the prime legal
authority and driving force behind the setting of aircraft standards.
Authority to set numerical control limits was given to the admin-
istrator of the newly created Environmental Protection Agency. It
required the establishment of national ambient air quality standards
and directed EPA to set aircraft emission standards consistent with
] these ambient levels. The Department of Transportation (DOT),
through their Federal Aviation Administration (FAA), was directed
to insure that aircraft safety was not compromised and to enforce
the standards set by EPA. Due to the small numbers of aircraft
engine manufacturing facilities and the cost and complexity in
engine designs, individual states were prevented from adopting stan-~
dards which were different from the national aircraft emission stan-
dards.
EPA formally proposed the aircraft standards on December 12,

l 1972. Complic- ce schedules ranged from January 1, 1974 to January 1,

1979. Controls were proposed to limit fuel venting emissions, piston

engine crankcase emissions, gaseous and smoke emissions from both

in-use and new aircraft engines. Test procedures were outlined to
determine compliance with the numerical limits. The standards were
set at what EPA considered as the best available control technology.
In a companion document on December 12, 1972, EPA proposed to
reduce emissions by altering aircraft and ground operating procedures
at larger ''Class A" airports. Ground procedure changes had the advan-
tage of immediately lowering emissions while the gradual phase-~in of

low pollution aircraft engines could be implemented. Because aircraft
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engines have critical design parameters based on maximum efficiency
at high thrust settings, THC and CO emissions are greatest from
low thrust modes. Early estimates were made that 50%-70% of these
aircraft emissions at airports could be reduced by operational
changes. This would involve either towing the aircraft to the
takeoff runway or taxiing aircraft with fewer operating engines
in a higher thrust mode. This proposal was never promulgated,
however, apparently due to uncertain safety and perhaps cost con-
siderations.

After public hearings in Boston and Los Angeles, standards
for the control of emissions from aircraft and aircraft engines were
published on July 17, 1973. The standards were relaxed from the
proposed ones to become essentially equivalent to the design goals
set by the United States Air Force (USAF) and National Aeronautics
and Space Administration (NASA). At this point in time, there was
an apparent agreement among these two Federal agencies and EPA con-
cerning the "best available control technology". The proposed crank-
case emissions control for piston engines were not adopted due to
safety considerations. Exhaust emission standards for these piston
engines were retained as proposed but the effective compliance dates
were delayed. Changes in engine classifications were also made
between the proposed and adopted standards. A new category was
established for the supersonic transport (SST) aircraft engines.
These engines are inherently more polluting than engines of a
similar generation since they cannot use the "high bypass ratio
turbofan principle” due to the frontal drag induced by the large

diameter fans. Total hydrocarbon and carbon monoxide standards were
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set more lenient than other engines to agree with current technology
for this type engine.

The standards adopted in July 1973 also included a proposed
retrofit program (standards applied to in-use rather than newly
built engines) for gaseous emissions which was not in the earlier
proposal. A net decrease in total emissions was seen between the
h original 1972 proposed standards and the adopted standards which
were more lenient but included a proposed retrofit program. Total
net engine reductions by 1979 were established as follows:

1. Engines with less than 8,000 pounds thrust:
(e.g. Lear Jet, Lockheed Jetstar, and Lockheed Electra)

THC -~ 807%
co - 60%
NOx - 207%

2. Engines with over 8,000 pounds thrust:
(e.g. Boeing 707, 727, 737, 747, DC-8, DC-9)

THC -~ 607%
¢ -~ 70%
NO_ -~ 50%
l x
3. All non-radial piston engines:
THC -~ 30%
coO -~ 50%

NOx ~ Maintenance of current levels
4. All smoke levels below levels of visibility.
The EPA cost estimates for all but the proposed retrofit program
were $141 million over a ten year period. This was equivalent to
a one-tenth of 17 increase in passenger ticket costs,
Controlled emission levels for the SST-type aircraft were pro-
posed in July 1974. These reductions were shown to have a signifi-
cant effect on the John F. Kennedy Airport emissions projected for

the year 1990. This projection is now obsolete, however, since
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the number of operating SST aircraft never reached levels previcusly
anticipated.

Finally, a major revision to the aircraft emission standards
was proposed in March 1978. These changes are still being debated.
The most controversial aspects of the proposed changes deal with the
cost effectiveness of the NOx emission controls and whether they
are even needed. Even though this proposal deletes the NOx retrofit
requirement, relaxes the controlled emission levels, and postpones
implementation until 1984 or later, costs up to several billion
dollars over ten years are projected (Day and Bertrand, 1978). The
ten fold increase in the cost of control estimate since 1973 is
due to thorough economic analysis as well as real cost increases

which have taken place.

Rulemaking on January 7, 1980 revoked all standards applicable
to general aviation aircraft because:

1. A recent study indicates that the total contribution of
general aviation airports to the surrounding regional
air quality is small (Jordan, 1977a).

2. The cost per ton of abated emissions is considerably
higher than for other mobile and stationary sources.
For example, piston aircraft controls for hydrocarbons
are $2,300 to $8,000 per ton compared to $950 per ton
for other available sources.

Also, standards for auxiliary power units onboard aircraft have been
withdrawn because:

1. NOx control technology could not be demonstrated.

2. The cost of CO control, both to industry and to government

(apparently in the standard enforcing process) do not
warrant the minimal CO reductionms.




3. THC standards are already being met.

The resulting emission standards, after all the above adopted
changes and proposed revisions have been incorporated, are the

subject of the next chapter.
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CHAPTER IV
STANDARDS FOR AIRCRAFT AND AIRCRAFT ENGINES
(From the Notice of Proposed Rulemaking,
March 24, 1978)

Numerical standards for control of emissions from aircraft
engines are difficult to present in a clear yet comprehensive format.
The elaborate nature of the standards is due to the fact that they
have been derived from the 'best available control technology"
which is dependent on the size, vintage, and design characteristics
of the aircraft engines. All engines have been categorized into
six major classifications as shown in Table IV-1. Numerical
standards using these classifications are presented in a simplified
format in Tables IV-2 and IV-3. The complete set of standards,
proposed standards, and testing methods are over 19 pages and are
therefore not included (Federal Register, 1978).

All pollutant species in the standards are discussed in this
chapter for completeness. Later chapters will focus on CO, THC,
and NOx which are the most controversial species.

Evaporative hydrocarbon emissions from fuel venting have already
been implemented as shown in Table IV~2. 1In this case, venting
refers to intentional fuel drainage from fuel nozzle manifolds
after engine shutdown. Controls have simply prevented the fuel from
escaping to the atmosphere. Fuel tank working losses from aircraft
refueling are not included in these standards.

The particulate matter standards in this table are based on a
Smoke Number scale rather than a mass scale for two reasons. First,

numerous early complaints dealt with objections to the visible plume
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TABLE 1IV-2

AND SMOEE A SSION STANDARLS
AS OF PROPOSED REVISIONS, MARCH 24, 197!

1

BUSSION STANDARDS ______ APPLICARLE ENGRMES DEADLINES

*Nev & In<Use Engims of

Mo Fusl Venting Classes T2,T3,T4, 4 T5 = ~ =~ = —~Janary 1, 1974
sNew & In-Use Bngirms of

Classes Tl and 2 <=~ = == = = ~ - January 1, 1975

Smoke Number s )0 or less «~ Nev & In-Use Engines of Class T4 - — ~ Jsnuary 1, 1974
sNev & In-Uoe Bngimes of Class T2

«0.265 and vith r0 e 2129 =~ ~ = = = ~ ~—January 1, 1976

Sacke Number® = 79 (r0) slow Engines of Claes 15 - = - — — — -Jsnuary 1, 1980
or less ~New Engines of Claseses T1,72,

Dad T = = = = = == == January 1, 1981

Smoke Number = 25 or less All New Engines of Class T) = — — ~ —-January 1, 1978
=In=Use Engines of Class T) as

followe:*®
«25% of opsretional engines — — - - =January 1, 19581
=50% of operetiomal engines — — —~ — ~ January 1, 1983 }
280 «100% of operetional engines -~ — — — January 1, 1985 i
=0, ;
Smoke Number = 277(:())26 New Engimes of Clags P2 =~ = = = = == Janmry 1, 1979 '
«0,265
Smoke Numberes 79(r0) In-Use Engines of rO*s 5) or

‘m“, - een an e em wn e W = e - J.nury 1. 1985

*r0 1s reded output in idlonewtons thrust
**Some exceptions allowed for scheduled replacemsnt engines or aircraft




TABLE IV-3
gasl G A £
AS"OF PROPOSED REVISIONS, MARCH 26, 19

e RUISSION STANDARDS APPLICABLE ENGINES DEADLINES
HC = ¢30.7grems/kilonewton New Engines of Class TS ceee Janmsry 1, 1980

CO = ¢237.0 grams/kilonewton
NO, = < 70.8 grems/kilonevton

HC = or less than: New Engines of Classes T1,7T2,
~0,006637r0 TI&Th
26,510 x 10 with: 27 % r0* <90 ----January 1, 1581
(grems/kilonewton) In~Use Engines of Classes T2 & T4
CO = or less than: with: 53 % ro* <90 - - == Jamary 1, 1985
=0,007462r0
169,47 x 10
(greme/kilonewton)
HC » or less than; New Engines in Classes T2, T3,
6,7 greas/kilonewton and T4
CO = or less than: with: 90 $ ro* === = Janusry 1, 1961
36.1 gress/kilonevton In-Use Engines in Classes T2 & T4
with: 90 & roe - - —-January 1, 1985
NOy = or less than New Engines of Classes T1,7T2,73 & T4
=33.0 grams/kilonewton « - - - - with: rPR 5 25
.5 Jamary 1, 1984
=33.0 (rPR/25) - = « == with; 25 < rPR
oxp(r13/288,15-2,77%)
HC = <3.3 grems/kilonewton Newly Certified Engines In:
CO = ¢ 25.0 graas/kilonewton Classes T1,T2,T] or T4 Jamusry 1, 1964
NO, = ¢ 3.0 grems/icilorewton with 27 § roe:

CO = <61.0 greams/icilonewton
»0x =< 39.0 grams/kilonewton

HC = < 7.8 gress/kilenewton Class T5:
Janusry 1, 1984

HC = <0,065 grams/kilowatt Class P2
€O = 0,34 grems/kilovate vith; rO & 2000 kilowatts Janusry 1, 1984
NOy = <0.45 grams/kilovatt
°r0 = rated Output in Kilomewtons
**rPR » rated Pressure Ratio
HC = Total Hydrocarbons, (O = Carbon Monaxide, NO, = Oxides of Nitrogen
ML CIASSIFICATION
ciAss SRITERIA SXCEPTICNS
P2 Al Torboprep Engimes
T Rated Thrust ¢ 35,500 Newtons Engirms of Class TS
T2 Asted Thrust )35,600 Wewtons Engines of Classes T). T4, & T5
ks Engines of JTID Nedel Femily
T Engines of JTED Pedel Family
k3] Snginee designed for supsrsonie sirereft
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from aircraft. Health effects due to the mass of partitulate matter
have not been considered to be a problem from aircraft. Second,

the mass of particulate emissions is especially difficult to measure. ;
This is due to the high temperature complex flow field where measure-
ments must be made. Aerosols may form in sampling lines in a way
which does not occur in the atmosphere. Complex concentration gra-
dients in the exhaust flow also make acquiring a representative
sample a painstaking task. Standards are therefore based on a

"smoke number” which can more easily be measured by the im-

measured
paction of particles on filter paper.

Current smoke number standards are shown in Table IV-2. They 1

are a function of engine rated output (r0O) on the philosophy of con-
trolling the exhaust emissions just enough to make them invisible.
Due to the negative exponential function in this standard, higher
rated output levels will result in a lower allowable smoke number.

l . Theoretically, this will limit the particle densities through the
optical path length and render the resulting plume invisible. Most
of the older engines have already been retrofitted with 'smokeless"
combustors and the newer engines have been designed as such. These
standards give DOT enforcement authority for any exceptions.

Gaseous emission standards are shown in Table IV-3. Standards
and compliance deadlines vary with the engine stage of development
as indicated by "new" for newly manufactured engines (NME), "newly
certified" for newly certified engines (NCE), and "in-use" for in-use
engines (IUE) which require a retrofit program. The general structure

of the standards is to require THC and CO controls on NME by 1981 *

and on IUE by 1985, NOx control on NME are required by 1984. The




r—

¥

S . R T “ﬂE!lI-l----.'

21

1984 NCE standards include NOx and more stringent THC and CO controls.
Details within this general structure are given below.

Two sets of THC and CO standards are shown for engines with
rated output above and below 90 kilonewtons. This recognizes that
higher thrust engines can be designed with greater overall thermal
efficiency. Since THC and CO are products of inefficiency, better
control technology exists for these pollutants in these larger en-
gines. Controls are even more stringent in the NCE class to reflect
greater anticipated capabilities of engines with completely new
designs. The exception is the T-5 class for SST aircraft where
higher efficiency turbofan engines cannot be used.

Controls for NOx are a more difficult problem since they are
not formed by incomplete combustion but by peak combustion tempera-
tures for high residence times. Standards are therefore varied with
rated pressure ratio (rPR) for '"new'" engines. Engines with higher
pressure ratios will operate at higher combustion temperatures and,
therefore, tend to produce more NOx (from the high temperature oxi-
dation of nitrogen in the combustion air). Allowable NOx standards
are higher for engines where the rPR is greater than 25 (dimension-
less). The NCE proposed standard does not have this higher allowance.
The apparent assumption is that ways can be devised to limit either
peak combustion temperatures and/or residence times in completely
new designs. These NOx standards are the primary point of conten-
tion in the current legislative review process.

The mass of emissions per thrust (grams/kilonewton in Table IV-3)

is a composite calculation rather than an individual measurement.
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The calculated parameters include emission measurements across the
aircraft engine exhaust exit at various engine modes, fuel flows

and thrust levels at various engine modes, and EPA time-in-mode
factors to simulate the longest likely times for aircraft approach,
landing, taxi-in, shutdown, start-up, taxi-out, take~off, and climb-
out to 914 meters altitude.

A simpler set of aircraft engine regulatory emission levels
shown in Table IV-4 were recently recommended by the International
Civil Aviation Organization (ICAO, 1980a). They would not result in
as great an emission reduction but would provide some controls for
future engine emissions and would presumably make engine certifica-
tion more predictable. They apply to the statistical mean of the
engines certified rather than the upper limit intended by the EPA
standards. The influence of this ICAO recommendation on the U.S.
EPA aircraft emission standards under reconsideration remains to
be seen.

Military aircraft engine emissions are not regulated by current
or proposed EPA standards. The USAF and Navy have instead adopted
"goals" to limit future engine emissions. Limitations for new
engines qualified after 1981 are outlined in Figure IV-4 and fullv
described elsewhere (Blazowski and Henderson, 1974). These ''goal<"
are intended to give guidance in the engine design phases where a
compromise between many design parameters must be resolved. Environ-
mental considerations are included but not at the expense of per-
formance requirements. Engines which are built and fall short of
these environmental goals will not necessarily be rejected unless

the need to do so is indicated from air quality studies.
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CHAPTER V

MODEL OF AVIATION STANDARD SETTING PROCESS

A model of the emission standard setting process is described
in three related chapters. The initial concept of the model as in-
tended for aviation sources is described in this chapter; appiica-
tion for THC (as a precursor to 0x formation), NOx, CO and smoke
emissions is in the next chapter; a generalization to non-aviation
sources and a preliminary evaluation of the model are made in
Chapter VII. An objective of the standard setting model is to show
the inter-relationship of all key technical issues. It will also
systematically lead to conclusions and recommendations which are
essential to the setting of objective emission standards.

A basic premise in this study is that the optimum levels for
aviation emission standards are not necessarily determined by judge-
ments of the best available control technology for all pollutants.

l Decisions concerning the form and substance of optimum standards
are guided by a logical framework subsequently termed the '"hypothesis
decision model". A schematic is shown in Figure V-1. Each of the
major issues, worded as a test of hypothesis, are explained in
Table V-1. This model is specifically designed for the aviation
standard setting process but is also adaptable for other emission
source categories. The value of this scheme is envisioned to be
greatest for marginally important sources. These sources are large
enough to be potentially significant yet small enough that the air

quality benefits from potential controls are not easily determined.




FIGURE V-1 (Opposite Side)

25




CONTROL OF AIR POLLUTION FROM AVIATION:
THE EMISSION STANDARD SETTING PROCESS

olaission s:nau-'
olaission Tax

Nypothesis Test
@Cons/Benefit
othe e

Ead Of Logicel Progression

Flag Yor:
{1) Inadequate Or Conflicting Dats
(1) Controversial Julgement

Atrcraft

Alter Current Seeus Sctde.
Other Polivtants®

-9 12 @ Develop Comtrol Techmology

Baciomal A/C Concrole L4 Local Controls r Better National Controle
Adequace & Appropriate Teasible Mew Local Controls

T:

T
A tiom(197), »13
EPA Scds. Bssed on Best Combined Nacional/Local F lwplemen: Local
Available Control Techaology” Coatrols Best Concrols

—— i — i ——— T ——— e - ——

2]

Dewvelop Mew Techmiquas ¥ Impiement National/locsi
Technology Not Adequate Controls

——— T

Dwvelop Tecnn:iues For
Wazional/tlocal lontrols

soInduscry Position

" w10 wis @
G Commm e (g )
Controls Best Not_Ad: te
w1t T
T Cectrivuis Rot Msvaate -+ SeveTop Locar
7
—m ==
Deveiop Nev Techniques Tor
Netional/Local Controle

wrrent Nacional A,
Centrols Too Stringent

U Keep Current
Yational Centrols

s —m ——————

Alternetive Tochas
Sat A/C Comtrel

HYPOTHESIS DECISION MODEL-CONCEPTUAL FRAMEWORK
FOR AVIATION

FIGURE V-1




26 i

TABLE V-1 ;

EXPLANATION OF THE HYPOTHESIS DECISION MODEL |

SYPOTHESIS sy’ 2BANES }

Iz

Iz

B3

Bed:

Accept the National Ambient
Air Quality Standard (RAAQS)
Control Philosophy.

Hydrocarbon, oxidant, carbon
wonoxide, and oxide of
nicrogen species plus
smoke are the pollutants
of primary interest for
aviation standard setting.

Aircraft controls are
optional (along with
alternative strategies) to
weet mandated NAAQS levels
in general public exposure
areas.

Alrcraft control technology
is available.

Aircraft controls improve -
air quality.

Aviation controls are best
implemented as uniform
national standards.

Current aircraft engine
enission standards are
too stringent.

Alrcraft centrols should not
be set solely on judgements
of best svallable comtrol
technology.

~Not everyone agrees vith the philosophy

that air pollution control should be

deternined by using health and welfare
effects data to set NAAQS levels to in-

turn set emission control standards.

~Odors as well as smoke from avistion
have been the source of public com-
plaints sround airports.

~Carcinogenic compounds present some
undeterained risk.

~EPA i requived to limit svistion
esissions if attainment of NAAQS
levels 18 not othervise possible.

~Controls must be possible in the
engineering sense and feasible from
the safety standpoint for emission
standards to be considered. If such
technology is not available, further
research is needed prior to setting
standards.

=Without reasonable evidence that air

quality improvements will result froa

emission controls, there is little
incentive to implement sxpensive
control standards.

-1If air quality problems from aviation
occur at only & fev major airports,
should controls be aimed at sll en-
gines used worldvide or at reduction
of local emissions in prodles aress?

-Ralaxation of the EPA regulated limite
and compliance deadlines hes been
petitioned by the aircrafr engine
companies.

-Standards at levels of best availadle
control technology make gense 1f
maximus controls with few economic
constraints are vervsated.

=WVhere saximm controls sre not re-

quired, other techniques which include

air qualicty benefits and econoafc
panalties usy be preferable.

~A brief discussion of alternatives
be presented.

=This hypothesis vill be sssumed to
true. It fuvolves national policy
i{s not peculiar to aviation Lss

~The RAAQS levels will be assumed to
accurste measures of health and
esffect thresholds.

~Visible emoke emisaions from sircr
have alreedy been drasticslly
Current smoke emiesion standards
relatively non-controversial.

~Odor complaints persist but remain
tractable problem for which mo
standards have been proposed.

-8C,C0, and MO, controls are cont
dus to cost and justificstion.

~Even 1if avistion standards are mot
specifically required, they may be
sdvisable so that all sources pay
"fair share" toward environmental
tection.

~Considerable research has been done
NASA, the Air Force, and aircraft
companies. The technology for
ing controls has been demonstrated
the very high cost makes the a
of implementation questionable.

~The sviation industry has maintained
that control standards would p
{nsignificant air quality bdenefits

~The “fair share" of pollution reduc
wvhich should be alloceted to va
sources has yet to be defined.

~Afrcraft towing or taxiing vith £
engines has long bean advocated by
some as sn efficient way of red
BC and CO emissions.

~There is little disagreement that
are necessary.

~Changes from prior judgements of
sble coantrol technology may be p!
sble co forcing difficult cechno.
isprovemsnts.

~Alr quality and ecounomic issues
vicusly been conaidered im an &
wey but mot is the setting of the
latory limite.

«Current nationsl policy appests te W
heading towerd dacisions which
economic, emergy, end eaviroamea
cousiderstions rather them saxi
owissien control.




HYPOTHESIS

TABLE V-1 (CONT'D.)
EXPLANATION OF THE HYPOTHESIS DECISION MODEL

ISSUE

REMARKS

B9

&

H-11:

National aircraft emission
controls sre adequate and
appropriaste.

A combinattion of national/
local controls are best.

Techniques for implementation
of national plus local con-
trols are not adequate.

Local controls are feasible.

Combined nationsl/local con-
trols are best.

Techniques for implementation
of national plus local con-
trols are not adequate.

Local control technology is
not adequate or has not
been proven.

-1f engine controls are insufficient
to meet NAAQS or if they are {n-
appropriate, then other strategies
must be devised.

~A combination of uniform national con-
trols by engine redesign and localized

controls may be preferable for:
1)greater emission control or;
2)less stringent national controls
supplemented by localized controls
when needed.

-Are further developments of combined
national/local controls needed?

-Can adequate reductions of overall
aviation emissions be reached with
only localized control techniques?

-Same issue as H-10 but reached from a
different pathway.

~Same 1ssue as H-11 but reached from a
di Fferent pathway.

=The issue is whether or not the tech-
nology for localized emtsston re-
ducttions is adequate without the
need for national engine emission
standards.

-Alrcrafe towing in lieu of taxiing has
long been proposed to supplement or
teplace HC and CO engine emisstion
controls.

~Other strategies involving airport and
terminal design could be devised {f
warranted.

-Lower economic costs could resuit.

-Energy snd environmental benefits sust
be weighed against safety and economic
concerns.

-A feasibilicy study, snd airport dewmon-
strations may be needed.

-A feasibility study, airport demonstratiom|
and towing equipment development may be
needed.

~See H-10

-See H-11

-Additional development or testing of alterd
native localized control schemes may be
required.
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Numerous decision modules are illustrated in Figure V-1 in the
form of hypothesis tests. Each hypothesis leads through alternative
pathways to either other hypotheses or end of logical progression
blocks. The end of progression blocks indicate specific actions or
the start of another logical progression.

The proposed model contains hypotheses rather than elements to
convey the idea that a true or false conclusion is the goal of each
issue presented. While true or false outcomes may appear overly
simplistic for the many complex issues presented, such determina-
tions eventually have to be made and often dictate what actions
must be taken by the regulatory agency. Determinations which are
not clearly made by the scientific community will have to be in-
ferred by regulators. Modifications to the decision model as con-
ceived at the start of the evaluation are to be expected. While
the pathways initially anticipated (null hypotheses) are the double
lined "true" outcomes on the left column, other existing or new path-
ways could be pursued as this study progressed.

Public policy is formulated with multiple objectives which
classically include economic efficiency, distribution of equity,
public health and safety, and environmental quality. A general dis-
cussion of United States environmental policy is presented in Portney,
et. al. (1978). The decision model in this work is considerably more
narrow and focuses on the air quality objectives of environmental
quality. Additional objectives are utilized in Hypothesis H-8 which
includes economic considerations and in Hypotheses H-10 and H-11

which include economic and safety considerations. The hierarchy
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of multiple objectives (when appropriate) is:
(1) Aircraft passenger safety to be satisfied first.

(2) Environmental quality constraints as set by laws
and regulations.

(3) Economic efficiency of alternatives.

For the hypotheses which include an economic efficiency objective,
one would like to compare the marginal benefits and the marginal
costs which result from alternative actions. Dec. 'ns could then
be made so that the costs of control do not greatly exceed the damages
from lack of control and vice versa. The theory and methodology for
derivation of cost and benefit estimates have been described
(Freeman, 1979a). Unfortunately only aggregate (i.e., not specific
to any emission source type) benefits can usually be computed
(Freeman, 1979b). Because of this difficulty, cost effectiveness
ratios (cost per ton of pollutant emission reduction) are instead
used as indicators of economic efficiency when compared to alternative
actions.

Conclusions needed to determine a true or false outcome of
hypotheses in this decision m.« ' are synthesized from an explicit
consideration of all evidence relevant to the issue. These determin-
ations are analogous to procedures used by the legal community when
"common law'" is synthesized by a careful weighing of all previous
court holding. In fact, this model could prove useful to legally
defend what and how all technical evidence has been considered. In
the following chapter, this model is applied to issues involved in
the standard setting process for the control of air pollution from

aviation sources.
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CHAPTER VI
APPLICATION OF HYPOTHESIS DECISION MODEL

The hypothesis decision model illustrated in Figure V-1 was
devised at the early stages of this investigation and served as a
"road map" to suggest potential standard setting strategies. The
remaining portions of this model after testing each hypothesis are
shown in Figure VI-1. A summary description of each hypothesis is
presented in this chapter. Full details of the evidence used to
test each hypothesis are presented in Appendix A. The H-1 through
H-11 labeling scheme is continued to permit cross-referencing
between this figure and Appendix A. Readers can therefore scan
the major technical issues and go to increased levels of detail
(and therefore complexity) as desired.

Key assumptions and uncertainties are included in Figure VI-1
to help qualify the conclusions shown. Future changes in either
the assumptions or uncertainties could also effect the conclusions.
All conclusions after model application to aviation sources are
summarized in this figure and are not repeated in this text. Elabor-
ation of any of the issues or conclusions can readily be found in
Appendix A. The effect of any single new study may not dramatically
influence general conclusions unless it outweighs all the evidence
or it changes the basic assumptions or uncertainties previously
endorsed.

Application of the decision model involves many of the problems

which are common in environmental sciences. The scientific data




FIGURE VI-1 (Opposite Side)
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never seems adequate; studies often lead to contradictory conclu-
sions where resolution of "correct'" from "incorrect” is obscure;
broadly worded hypotheses can only be tested with the available
data which is invariably much narrower in scope; and technical un-
certainties often diminish the credibility of an otherwise well
executed analysis. Unfortunately, the process of setting environ-

mental standards would be impossible if '"good science" (95% confi-
dence levels, consistent repeatibility, etc.) were demanded. The
establishment of '"good standards" depends on the careful collection
of scientific data, weighing the data and formulating their impli-
cations, effective integration of the findings of many studies,

and objective conclusions based on the best facts available. Re-

evaluation of any standard is also important as more scientific

data become available or as governmental policies change,
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CHAPTER VII
EVALUATION OF THE HYPOTHESIS DECISION MODEL
While the prime thrust of this work is to develop and apply
E an emission standard setting model for aviation sources, the appli-

cability of the model for other sources is also of interest. A
generalized version of the model previously discussed is presented
in this chapter. Both the strengths and weaknesses of this approach
are evaluated. The model in this work is then discussed in perspec-
tive with other models and with the overall task of setting various
types of environmental standards.

A. Generalization of Model

The hypothesis decision model developed in Chapter V and applied in
Chapter VI is specifically tailored to address technical issues re-
lated to aviation sources. Different pollutants of interest, environ-
mental constraints, availability of control technology, and regulatory
l levels can be expected for other source categories. However, con-
siderable commonalities of technical issues also exist, independent
of specific source categories. A generalized model based on these

commonalities is shown in Figure VII-l. Compar son of this figure

with Hypothesis H-1 through H-8 in Figure V-1 shows many similarities

between the specific and general models. The general model can

therefore serve as a conceptual framework to which additional tech-
nical decision modules would be added to adapt this approach to

other source categories.
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GENERALIZED HYPOTHESIS DECISION MODEL
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FIGURE VII-1
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B. Strengths and Weaknesses of Model

All approaches to setting environmental standards are bound to
have both strengths and weaknesses. Environmental management is
improved if both are well understood, irrespective of the approach
used. A list of "Pros' and '"Cons" concerning the general use of
the hypothesis decision model is presented in Table VII-1. This
list is based on personal observations and insights during develop-
ment of this work. A more vigorous evaluation of the hypothesis
model approach would be possible after application to a variety of
sources (not just aviation-related ones), and by various researchers
or policy-makers. The conceptualized strengths and weaknesses in
Table VII-1 serve as a starting point for debate over the usefulness
of this model.

All of the '"Pro'" arguments are believed to be real advantages
which can be realized by application of the specific or general
models. The advantage of having a graphical explanation of how
specific control levels were established should be emphasized.

This should enhance technical discussion during the review cycle,
both internal and external to the government. It will also be
valuable in any legal dispute to show the integration of many com-
plex technical issues into the final rule-making. The appearance of
arbitrary and capricious judgements in the setting of a standard by
an administrative agency can more easily be averted.

Another important advantage is the careful documentation of de-
cisions, assumptions, and uncertainties involved in setting the final
emission standard. While the Freedom of Information Act allows

access to all data available to the government agency, it doesn't
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TABLE VII-1

"PRO" AND "CON" USE OF HYPOTHESIS DECISION MODEL
(Key words are underscored to emphasize most important concepts)

A. "Pro" Arguments for Use of Model Discussion

1. Outlines a congistent plan used -Use of this model at the early stages of
to set standard. standard setting establishes a hierarchy of
decisions to be made. Investigative efforts
can initially be focused on the major deci-
sions. Uncertainties which only affect minor
decisions can be avoided or minimized.

2. Provides a graphical explanation -The applied model allows a first time reader
of how standards were set. to quickly grasp the issues and decisions

which are involved in setting a particular
standard. This framework promotes debate on
detailed issues without losing sight of the
basic objectives.

3. Establishes base for a legal -Litigations regarding environmental standards
defense of standards. and regulations seem to be the rule rather than

the exception. Courts tend to overturn deci-
sions of administrative agencies-—not on tech-
nical judgement which courts are ill-prepared
to second guess--but only when available evi-
dence has not been considered. This model
treats all data much in the way courts weigh
evidence and is therefore valuable as a legal
defense tool.

4. Breaks complex decisions into -The standard setting process must invariably
simpler discrete decisions. deal with many complex issues dealing with air

quality impact, emission inventories, control
technology, control costs, etc. This model per-
mits discrete tasks to be done by different
people or even subcontracted to different
organizations. Results are easily integrated
because of the model's framework.

5. Encourages technical conclugions -There is currently great temptation for policy
to be made at the lowest possible makers to pragmatically determine how strict a
level. standard can be politically supported and then

to ask their staffs to ''technically justify"
that level of control. This model would en-
courage technical conclusions by lower level
personnel and based on all available evidence.
Decisions can then be made by balancing poli-
tical considerations but not by changing tech-
nical conclusions.

6. Documents the many decisions, -Standards are rarely fixed for all time but are
assumptions and uncertainties which commonly re-evaluated at regular intervals or

were in the standard setting process. as new data becomes available. Documentation
of decisions, key assumptions and technical
uncertainties is therefore important at the
time of re-evaluation. "Background documents”

show how key decisions in the standard
setting process were made.
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TABLE VII-1 (Continued)

. "Con" Arguments Against Use of Model

1.

2.

The range of choice of administra-
tors may be restricted.

Externalities (outside of air
pollution objectives) are not con-
sidered in this model.

Additional "bureaucratic time and
paperwork" may be perceived with
the use of this model.

. Over-simplification of complex

issues.

Discussion

-Upper level governmental administrators

are acutely aware of public reactioms to
their standards. Well financed industrial
lobbys typically hold positions far diff-
erent from attention getting environmental
action groups with administrators caught in
the middle. Careful technical consideration
and documentation of each decision within a
complex standard may somewhat restrict the
range of potential standards because in-
creased scrutiny is possible.

-Air pollution objectives are not the only
consideration in a multi-objective society.
Other important considerations, energy utili-
zation and economic efficiency, for example,
are not primary elements of this model. The
governmental administrator still has the job
of deciding what trade-offs with other public
objectives must be made.

-Additional time to establish specitic model
hypotheses is required at the start of the
standard setting process. This should be
more than compensated for, however, by time
saved from more understandable documentation,
improved focus on issues of greatest impact,
and from the integral framework useful in any
legal defense.

-Many scientific studies used as "evidence"
in evaluation of each hypothesis took vears
of effort and cannot be condensed into the
simplistic "true" or '"false' outcomes of a
hypothesis. An administrator must therefore
accept on faith the technical judgements of
his staff or whoever applied the model.
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insure that such data is integrated into a comprehensible format or

that judgements based on this data are documented. A more systematic
documentation of all technical decisions also aids the regulatory
agency who may need to re-evaluate an emission standard, perhaps
years or decades after adoption when all key personnel have moved

to other positionms.

Some of the "Con' arguments in Table VII-1 may be more perceived
than real. The amount of additional "bureaucratic time and paper-
work"”, if any, remains to be seen. The development phase of specific
standards may require additional time and effort to plan, classify
all technical data, and integrate into the hypothesis model. Con-
siderable time and effort is likely to be saved, however, in the
public comment, implementation and legal defense phases associated
with the emission standard. Approximately two man-years were spent
in development and application of the hypothesis model for aviation
sources. Ten years have elapsed since aircraft emission standards
were first contemplated and enforceable standards have not been
finalized. The speculation is made that a systems analysis approach
to aviation emission standard setting, such as presented in the
hypothesis decision model, may have saved rather than cost time and
effort in the establishment of an enforceable emission standard.

Perhaps the strongest "Con'" argument against use of the model is
that externalities in the form of non-air pollution objectives are
not considered in this model. The many potential externalities
would be difficult to incorporate into any simple, generalized model.
It could be argued that the use of a model with a single air pollu-

tion objective is unwise when many externalities are a real part of
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any emission standard setting process. This argument illustrates

that even if the model is used and applied, it will never replace the
need for competent administrative judgements and decisions to

balance the positive and negative effects of such standards on
society.

C. Model in Perspective

The hypothesis model represents a way to integrate all technical
issues to aid the process of setting emission standards. It is
therefore only a part of the overall task of air quality management.
Discussion is now presented to put this model in perspective with
other technical, procedural and policy models.

The major components of air quality management as practiced in
the United States are illustrated in Figure VII-2, Note that respon-
sibilities are split between various levels of government. There is
no direct relationship between the NAAQS element and the Federal
New Source Performance Standards (NSPS) or mobile source elements.
Instead, an indirect relationship exists since the total effect of
Federal controls plus other controls in the State Implementation
Plans (SIPs) must be adequate to meet NAAQS levels. The peculiar
situation exists where states must insure compliance with NAAQS
levels which can be influenced by mobile sources. However, only
Federal controls for new mobile emission sources arz allowed under
the Clean Air Act. The model in this work is directed toward the
integration of technical issues in order to set emission standards
low enough to allow states to attain the NAAQS levels by regulating

sources under their control.
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Numerous other models have been used for various purposes
within the topic of air quality management. No attempt is made to
present a comprehensive list or discussion of all models. In fact,
the term "model" is used, or overused, to represent many kinds of
technical, organizational, procedural, or political processes.

Only a few such models are presented to illustrate the relationship
between this work, other works, and the standard setting process
within air quality management.

A guide for the determination of the type of regulatory action
under the Clean Air Act is shown in Figure VII-3., This "Preferred
Standards Path'" was developed by EPA in 1977. It was used to
determine that mobile source emission standards for polycyclic
organic matter were not supported by the available technical data.

A "yes" or '"no" determination for each issue is sought much the same
way as a "'true" or "false" hypothesis outcome is sought in this work.
Specific evidence used to weigh each issue is not presented in the
application of this model (U.S. EPA, 1974).

Several procedural models for standard setting were found.

The current procedures which EPA uses for writing regulations have
been published (Federal Register, 1979a). The stages of develop-
ment by the EPA lead office and review by various EPA working groups,
steering committees, senior managers and the administrator are de-
scribed. Procedures for external participation (public review and
comment) on proposed regulations are also given.

The process for setting ambient air quality standards is shown
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in Figure VII-4, This process involves many lengthy and complex
steps from scientific research as published in the '"Criteria
Document" to the implementation and review of the final standards.

Another elaborate procedural model is represented by the
Heuristic Model of Regulation Formulation (Schnare, 1978). This
21 step model consists of a series or flow of administrative events
from the perception of an environmental problem through the publi-
cation of regulations to the solution of the problem. The model was
used to analyze the National Interim Primary Drinking Water Regula-
tions.

Several models which deal with technical issues in standard
setting were found although none deal specifically with emission
standards. Calabrese (1978) presents a simple conceptual model for
deriving air and water quality standards. It is oriented toward
translating biological or health effect data to acceptable exposure
limits. The threshold limit concept is explained where an individual
can be exposed to a particular dosage without an adverse health
effect. This threshold concept is implicitly assumed in the NAAQS
levels which are used in this work (Appendix A.1l).

Quantitative risk assessments have been used in the 1979 re-
vision to the ozone NAAQS. Risk assessment is the process of esti-
mating the probability that an adverse health effect will occur at a
given concentration or dosage. A framework to incorporate this tech-
nique into the setting of NAAQS levels for other pollutants has been
proposed (Richmond, 1980). The National Commigssion on Air Quality

recently recommended that EPA continue to refine and use the risk
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assessment methodology to set air quality standards and hazardous
emission standards (NCAQ, 1981, p. 2.2-2). It should be one of
many factors upon which EPA bases these standards.

An air quality standard setting model is presented in Atkisson
and Gaines (1970). This model shows the flow of technical issues
from public attitudes and air quality goals through the development
of air quality standards. Mathematical models which attempt to
relate ambient air quality levels which result from emission sources
are described in this work and more generally in Stern (1976).

D. Usefulness of the Model in This Work

Costle (1980) simplified the entire air quality regulatory pro-
cess into three sequential steps: (1) development of ambient air
quality standards, (2) development of emission standards from the
ambient standards, and (3) enforcement of the emission standards.
The hypothesis decision model in this work focuses on the technical
issues of step (2) of this regulatory process. While emphasis in
development and use of this model is placed on aviation-related
sources, a general version of the model is adaptable to other
source categories.

There is no shortage of standard setting models as indicated by
a review of just some of the available approaches. Many of these
models describe organizational or procedural issues. The ones
found for technical issues are concerned with the establishment of
ambient but not emission standards. To the knowledge of this author,
the emission standard model in this work is therefore not redundant

of other models.




Potential benefits from the use of this model include the
graphical explanations of complex issues which promote more effective

communication, a framework to help prevent staendards judged to be

—

"arbitrary and capricious" in litigations, «nd a more thorough docu-
mentation of decisions based on technical assumptions and uncertain-~
ties in the derivation of specific emission standards.
H The greatest disadvantage is that the output of this procedure
is based almost entirely on air pollution objectives. Considerable
skill and judgement is still needed to effect a balance with other
social objectives. This model can be used alone or as an integral
part of other models.

One of the summary recommendations by the National Academy of

Sciences (NAS, 1977) after a lengthy review of EPA procedures is that:

"EPA's decision on standards and regulations should be
supported by analyses that explicitly state the objectives
of the decisions, identify feasible alternatives, evaluate
(quantitatively, to the extent possible) the consequences
of each alternative decision, explore potential problems

in implementation, and indicate and examine the degree of
uncertainty about the effects of EPA actions. The analyses
should be available to the public. Systematic and well
documented analyses could substantially improve the quality
of EPA decisions by providing a framework for discussion
and for public understanding of the factors that enter the
decision process. The analyses would make possible the
generation and evaluation of a more complete set of regula-
tory alternatives'.

The type of model presented in this work appears to have considerable

potential as a response to this recommendation for more explicit

support of EPA decisions on standards.
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CHAPTER VIII
ALTERNATIVE STANDARD SETTING TECHNIQUES

All aircraft standards to date have been based on judgements
of the best available control technology or perhaps even the best
advanced control technology. Cost and other factors have been
considered only in an indirect and non-explicit way. While this
technique tends to minimize emissions of all pollutants, it also
can lead to economic inefficiency where large efforts may produce
minimal environmental benefits. Strict application of maximum
emission control technology is increasingly being attacked by those
trying to balance environmental, energy, and economic objectives.
Various alternative techniques are therefore described in this
chapter. These techniques include best available control technology,
empirical emission models, air quality simulation models, cost
effectiveness comparisons, and "event trees'. Each will be des-
cribed in a separate section followed by a comparative summary.

The techniques described in this chapter as alternative ways to
derive emission standards are also the same techniques which are
useful in analysis of the hypothesis decision model in Chapter VI and
Appendix A. A cross-reference between each technique and each hypo-
thesis is shown in Table VIII-1. Each of the techniques has strengths
and weaknesses as pointed out in the sections below. Rather than
base overall conclusions on any single technique, the results of all
techniques are integrated at the end of this chapter.

A. Best Available Control Technology

The establishment of emission standards based on the maximum
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emission reductions technologically practicable is commonly done

for many source categories. The strength of this technique is
that maximum emissions control can theoretically be obtained. Also,
difficult and controversial air quality assessments and cost/benefit
(or cost effectiveness) studies can play a minimal role. The weak-
nesses of such technology based standards are that they can be
economically inefficient or may not solve any real air pollution
problems.

A basic understanding of the pollutant formation process is
needed to appreciate the proposed technology based controls as well

as their difficulties. A sketch of an aircraft engine combustor is

in Figure VIII-1l. Typical temperatures (T) and equivalence ratios (@)
are shown. The equivalence ratio is the local fuel/air ratio divided
by the stochiometric fuel/air ratio. The primary combustion zone is
characterized by high temperatures and fuel rich conditioms. Dilu-
tion air causes low temperatures and fuel lean conditions in the
secondary zone. High THC concentrations in the combustor occur ini-
tially as the fuel vaporizes but then rapidly decrease. Carbon
monoxide is formed in fuel rich conditions but can be substantially
oxidized to C02. Nitric oxide (NO) levels are formed at high temper-
atures when sufficient oxygen is available and are typically "quenched"
from decomposition by the cool secondary air flow. Particulate
matter (PM) is formed when fuel droplets are inadequately vaporized

prior to combustion. Oxidation of the carbonaceous particles pro-

ceeds unless '"frozen'" by low temperature air such as near the com-

bustion liner (Heywood, et.al., 1971).
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The technology for control of aircraft engine emissions is
detailed in other sources (Jones, et.al., 1978; Munt and Danielson,

1976; and Rudy, 1976). Some general approaches are outlined here

as shown in Figure VIII-2. Additional details are presented in
Appendices A.4 and A.7. The conventional technologies, effective
for THC, CO and smoke, have been generally demonstrated but may
require additional testing as dictated by the degree of control
required. This technology is applicable to the proposed 1981 NME
and 1985 IUE standards as described in the cost effectiveness i
section of this chapter. The advanced technologies, needed for

any appreciable NOx control, would require additional development,

Ty

test and evaluation prior to implementation. They are required for
the proposed 1984 NME standards. Emission controls are the prime
motivation to implement advanced technology engines using current
jet fuels. Potential improvements in thrust, fuel economy, or

l durability would not appear to warrant such complex new designs. A

future switch to fuels from alternate energy sources such as shale-oil

might necessitate these advanced technology concepts to maintain
engine durability.

B. Empirical Emission Models

Three techniques are described which are based on the pollutant
emissions from aviation sources. The relative simplicity of using
and understanding these techniques is a definite advantage. They

provide an understanding of the importance of various sources relative

to each other. Difficulties occur, however, in attempts to relate
emission controls (especially if on a uniform national basis such as

aircraft engine standards) to air quality benefits (which are

J——
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typically local or regional in nature).

1. Emission Comparisons

Emissions from aircraft are a small part of all sources when
considered on a national scale. As illustrated in Figure VIII-3,
aircraft emissions account for about 1% for THC, NOx, and CO (U.S.
EPA, 1979). Particulate matter and SOx are even less. Small general
aviation type aircraft are the least important of the three aircraft
categories shown and have recently been exempted from all aircraft
engine emission standards (Federal Register, 1980). Commercial air-
craft have lower THC but higher NOX emissions than military aircraft
due to a greater proportion of larger and newer engines.

Emissions on regional and local scales are also shown in this
figure since identifiable health and welfare effects from air pollu-
tion generally occur on these scales. Aircraft contribute approxi-
mately 3% of all regional emissions. The region considered in this
study includes ten counties for area sources and a grid extending a
12 mile distance from the Atlanta, Georgia airport for point
sources (Cirillo, c¢t.al., 1975). This contribution could increase,
however, to about 6%-10% by 1990 as flight activity increases and
stringent air pollution controls are applied to other sources. Air-
craft related evaporative hydrocarbon fuel storage and transfer
emissions may increase fourfold in the future due to additional
fuel usage. A switch to alternative fuels with lower vapor pres-
sures would lower this projected increase.

Alrcraft are the dominant source category within the Atlanta
airport boundary as shown in Figure VIII-3, Proposed control

strategies have generally focused on aircraft engine emission

—— e
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reductions rather than other airport sources. Emissions data as
shown are not always representative of air quality effects, however.
Aircraft emissions are distributed throughout much of the airport
and are subject to considerable atmospheric dilution. In contrast,
emissions from automobile traffic are often concentrated in con-
gested terminal areas with reduced potential for atmospheric mixing.
Recent measurements of CO inside and outside of a congested airport
terminal area were less than levels associated with health implica-
tions but further studies may be necessary (Bellin and Spengler,
1980).

Emission studies as presented are a good starting point but
have other serious shortcomings. The national emissions data are
subject to inaccuracies due to the large number of sources and cal-
culations involved in the EPA's National Emission Data System (NEDS).
This is especially true for aircraft where the translation of recent
emission factor data over the many operational modes and many differ-
ent airport situations can be a complex task. Regional differences
in emissions are bound to occur. The 3% contribution of the Atlanta
airport to regional emissions in Figure VIII-3 appears to be higher
than in most regions which are 1% or less (Jordan, 1977).

Another way to suggest the severity of aircraft as an air
pollution source is by comparison with other source categories. Air-
craft THC emissions are plotted in Figure VIII-4 along with the
highest 60 source categories for which EPA is considering additional
New Source Performance Standards (U.S. EPA, 1977a). The 27 sources

for which NSPS have already been promulgated are not shown. Such
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comparisons are not frequently made since aircraft are regulated

in a different part of the Federal Clean Air Act and by different
offices within EPA. Aircraft rank as the eleventh highest category
both when comparing annual emissions (Ta) and emissions reduction
potential (Ts - Tn)' Aircraft emissions between cities are not
included -- only those from aircraft landing and takeoff cycles in
the airport vicinity. The TS - Tn parameter represents annual
emissions which can be reduced from levels with only current control
standards (Ts) to levels projected with new or hypothesized control
standards (Tn)' A 70% THC control averaged over all aircraft is
assumed. There are strong pressures for EPA to regulate all THC
sources possible since the oxidant ambient air quality standard
cannot be met until at least 1987 and then only with a 467 reduction
in emissions from the 1977 level (CEQ, 1979). This reduction re-
quires strict vehicular emission control standards, automotive in-
spection and maintenance programs, and vigorous NSPS programs. The
aircraft emission reduction potential represents 27 of the 46% THC
reduction which is needed nation-wide. The number of stationary
sources for which NSPS will ultimately be promulgated remains to be
seen but could include many or even most of the sources represented
in this figure.

2. Emission Densities

Emission densities offer another relatively simple way of com-
paring airport to non-airport emissions. Since emissions are
normalized by land area, the resulting ratio can suggest if a source

causes "hot spots" within an area of air pollution concern. Strategies
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can be devised so that emphasis is given to sources which cause
higher emission densities. An obvious shortcoming of such a tech-
nique is that source dispersion inducing mechanisms such as stacks
or exhaust velocity turbulence are completely ignored. Nevertheless,
some useful information can be gained from emission densities.

The FAA Airport Emissions Data Base is believed to be the best
source of airport emission densities. Direct output options in~
clude the densities (tons of pollutant/kmz) of airports, counties,
and air quality control regions (AQCR) in which the airports are
located. Densities are output for each of the 26 largest commercial
airports and 13 general aviation airports. The county and AQCR in-
formation were provided for use in this data base by the EPA Office
of Air Quality Planning and Standards from the EPA National Environ-
mental Data System (NEDS).

In order to show general relationships over a wide range of
airports in different emission surroundings, a novel data reduction
scheme is employed (Figure VIII-5). The THC, NOx, and CO airport
to county ratios are shown for 20 of the 26 largest commercial air-
ports. Data for individual airports and counties are included in
Appendix B. The 6 airports not graphed were omitted because the
county emissions data were suspect. Airport to county emission
density ratios are actually a ratio of ratios (airport emission
density in tons of pollutant per square kilometer divided by the
county emission density in the same units). A normalized dimension-
less number results and is an indicator of airport pollution relative
to its surroundings. Emissions computed for 1975 as well as those
projected for 1995 are used. No aviation emission controls are

assumed.
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Several observations can be made from Figure VIII-5. First,
airport densities are typically higher than their counties for CO
and Nox » but less often for THC. The high airport THC densities
at Atlanta, Boston, Honolulu and Los Angeles are offset by low
densities at Denver, Detroit, San Francisco and St. Louis. Airport
NOx and CO densities substantially exceed those of the counties at
Atlanta, Boston, Honolulu, Los Angeles and Memphis. While aircraft
engines are the largest component, airport emissions also include
automobiles, aircraft auxiliary power units, service vehicles, re-
fueling losses, and miscellaneous point sources.

A second observation is that without emission controls, airports
will become more important as future NOx and CO sources, relative to
county emissions. One reason is that between 1975 and 1995 airport
activities are projected to increase. Also, during the same period,
county emissions are projected to be reduced as stringent control
regulations are implemented. Airport CO emissions also have a much
higher component due to automobiles than in the THC and NOx categories.
The airport/county densities for THC drop at many airports due to
modest improvements with newer aircraft engines even without mandated
controls.

. 3. Rollback Models

Rollback models can suggest levels for emission standards if
measured ambient air quality levels in excess of standards can be
related to particular source categories. For example, if a copper
smelter causes measured SO2 levels of 507 above the short-term NAAQS,
a control level of 50% would be suggested as a first approximation.

The bulk of the evidence presented in Appendix A.3 leads to the
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conclusion that aircraft and airports do not independently cause

any NAAQS violations (although they could be undefined contributors
to such violations). Rollback computations were therefore not appro-
priate in this work.

C. Air Quality Simulation Models

Both dispersion and photochemical models were used in many of the
hypothesis model tests as previously indicated in Table VIII-1. Both
techniques provide important insights into the relationship between
pollutant emissions and the resultant ambient air quality concen-~-
trations. However, from the regulatory viewpoint, both suffer from
the great complexity needed to accurately characterize the physics
of aircraft plume behavior in the atmo_phere or the chemistry of the
emissions when mixed in photochemical reactive atmospheres. The more
complex models should theoretically produce better results but the
accuracy is difficult to determine.

1. Dispersion Models

Extensive aircraft/airport dispersion model and ambient monitoring
studies since 1973 have not suggested that CO problems exist down-

wind from any airport in the United States. High CO levels suggested

in studies prior to 1973 appear to be from over-simplified or incorrect

dispersion model applications combined with high ambient measurements
! influenced by non-aircraft sources. Standards for control of CO
emissions from aircraft do not appear to be justified from dispersion
model (and ambient monitoring) results.

The long term dispersion models indicate that annual NOx concen-

trations due to airports are well below the annual NO, NAAQS. This is

2

true even if 1007 of the Nox is assumed to be instantaneously converted

to NOZ.
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2. Photochemical Studies

Emissions of THC are not known to be a direct health problem.

Thus participation of airport related THC as a precursor to O, con-

3
centrations in excess of health derived ambient standards need to

be defined. This is a difficult task since peak 03 concentration
are likely to occur some distance from the airport and are the
product of many emission sources, local mixing (dilution), and inci-
dent solar radiation. Several techniques and studies, none of which
are scientifically convincing at preseunt, are reviewed in this
section. Also, the role of airport NOx emissions as related to a
proposed short-term NO2 ambient standard is discussed.

Most of the hydrocarbon species within the THC category of
aircraft engine emissions can be classified as photochemically
reactive. Groth and Robertson (1975) conducted a measurement study
with three different aircraft engines (JT4, JTI3D, JT9D) and two
different fuels (JP5 and Jet A). Their unreactive component con-
sisted of paraffins while the reactive component included olefins,
aromatics, and oxygenated hydrocarbon derivatives. Over 707 of all
hydrocarbons were reactive during engine idle conditions and in-
creased to essentially 100% at high power conditions.

The usefulness of detailed reactivity schemes were investigated
by Trijonis and Arledge (1976). All organic source emissions in
metropolitan Los Angeles were separated by chemical species into
reactivity classes. Class I (least reactive) through Class V (most
reactive) are shown in Table VIII-2 for turbine aircraft engines.

Note that 337 of the emissions are in Class VI, 38% in Class III,

and only 97 are in the low reactivity Class I.
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These six classes were then combined using 2~group, S5-group,
and 6-group reactivity classifications. The reactivity of automo-
bile exhaust was defined as 0.72 in each classification. Results
are shown in Table VIII-3., The jet aircraft emissions are rela-
tively more reactive than aﬁtomotive exhaust on a molar basis but
less reactive on a weight basis, Jet aircraft accounted for 0.6%
of all reactive emissions while piston aircraft accounted for 1.2%.
Based on four empirical/aerometric models and two smog chamber
models, Trijonis concluded (from a 1972 baseline) a 90% or greater
level of control of all THC emission sources is needed to meet the
NAAQS for 03. (This standard has since been relaxed from 0.08 to
0.12 ppm.) Accounting for the relative reactivity of emissions
only drops the "fair share'" of jet aircraft controls from 90% to
85%Z. The overall report conclusion was that very stringent THC
controls should be applied to virtually all sources in the Los Angeles
region. Only PCE dry cleaning and 1,1,1-T degreasing should be
excluded from control requirements due to their low reactivity.

Two other studies have been found which deal specifically with
the oxidant producing potential of aircraft. A brief description
of each is given in Table A-4. Unfortunately, due to the outdated
chemical mechanism used in one (Whitten and Hogo, 1976) and the
ambiguous results of the other (Duewer and Walton, 1978), little
can be concluded from these works which aid in the setting of
aviation emission standards.

The short-term NO2 concentrations due to airports are also of
interest. Recent work by Yamartino and Rote (1979) suggested that

ambient N02 levels downwind of airports could be in the range of
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TABLE VIII-3
THE REACTIVITY OF AIRCRAFT COMPARED WITH OTHER EMISSION SOURCES
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0.2 to 0.5 ppm for which a short-term NO, NAAQS 1is being considered.

2
This suggestion is based on dispersion model results and on an ex-

trapolation of measured NO, ambient data.

2
In each case the total NOx from aircraft is assumed to be NOZ‘

This may eventually happen but not necessarily before substantial
atmospheric dilution has taken place. Roughly 947% of the NOx is
emitted by aircraft as NO yet health effects are only linked to

Noz. A portion of the NO to NO2 conversion can be nearly instan-
taneous as shown in Figure VIII-6. However, the rate depends largely
on the ambient 0x available. Thus very rapid conversion to a 0.4 ppm

NO, level would require about a 0.4 ppm level of O which is unlikely.

2
Preliminary measurements several hundred meters from an aircraft

plume suggest that less than one-third of the NOx is N02. Further
work in measuring and monitoring this conversion rate near aircraft

plumes is currently underway (Brubaker, 1981).

D. Cost Effectiveness Studies

Four studies have been published which evaluate the overall
costs and cost effectiveness of aircraft engine emission controls.
Only the latest of the three EPA studies, Wilcox and Munt (1977),
Wilcox and Munt (1978), and Wilcox (1979), will be used since it
superseded information in the previous reports. The Logistics
Management Institute (LMI) report by Day and Bertrand (1978) is an
independent and somewhat broader economic study aimed at overall
costs. Cost effectiveness ratios from these studies will be related
to other non-aircraft control alternatives. All costs are in terms

of 1978 dollars where a discount rate of 10% is assumed.
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1. Aircraft Engine Control Costs

The LMI report computes the overall costs of the aircraft engine
standards proposed in 1978. Costs of between $1.5 billion and $2.8
billion were estimated. The very large uncertainty range is primarily
due to the NOx controls which necessitate a major change to advanced
technology combustors. The costs of this high risk development pro-~
gram and unknown maintenance problems from the greater mechanical
complexity are poorly understood.

The economic impact on the United States airlines are estimated
by Day and Bertrand (1978, p. 32) as follows:

Total Costs of Compliance: $0.9 to $1.6 billion in the U.S.,
and $1.5 to $2.8 billion worldwide.

{Includes proposed 1981 NME, 1984
NME, and 1985 IUE standards.)

Engine Prices: 1981 NME Standard = 1.5%
1984 NME Standard = 11%-17%
Aircraft Prices: 1981 NME Standard = 0.3%-0.5%
1984 NME Standard = 1.6%-3.2%

Airline Fare Increases: 0.2%-0.77%

Airline Demand Decreases: 0.347%-0.547

Outside Capital Requirement Increase: 14%

Gross Capital Requirement Increases: 2.7%

The proposed emission control standards are concluded by Day

and Bertrand to have a minor impact on the airline industry in most
cases. Conversely, the costs cannot be deemed insignificant. Engine
price increases of 117 to 177 and additional outside capital require-
ments of 147% warrant serious concern by industry management. Since
the sole source of cost estimates in this LMI study was the airline
industry, EPA has judged that these estimates may be conservatively

high.

_4
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The National Commission on Air Quality (NCAQ, 1981, p. 4.1-4)
reported that increases due to air pollution controls by all United
States industries averaged 2.38% of the total capital expenditures.
Costs ranged from 0.19% for the railroad industry to 11.06% for the
steel industry. The total capital costs of air pollution control
to the airline industry of 2.7% are consequently slightly above the
national average but well within the range of costs experienced by
other industries.

The Wilcox (1979) report is an involved cost effectiveness study
which by definition considers both costs of control and the reduc-
tions in emissions. Calculations based on data from this report
are shown in Table VIII-4. They are in the order of several hundred
dollars per ton of pollution eliminated for THC and CO. The con-
clusion of Hypothesis H-5 was that there is no significant CO air
quality problem from aircraft engines. All THC and CO control costs
are therefore burdened to THC. The resulting ratio of $400 per ton
is for engine life-time costs and reductions. Assumed life-times
are 15 years for new engines and as little as 7 years for some in-use
engines which are retrofitted.

2. Cost Effectiveness Comparisons

Although cost effectiveness estimates are now prepared for new
emission standards, EPA has no formal policy of what values are
deemed cost effective or not cost effective. Informal judgements
are apparently made during the standard setting process and are
likely to change with time. As additional standards are issued for
efficient control strategies, the remaining strategies will have
higher cost effectiveness ratios until adequate emission reductions

are attained.




¥oN v01/002°0T$ ~ 0°5/022° 154 =

088° %8 -
A

001°95$
I\

% L o Yy
93800 ON = (Z°ZT X 00%3) SI50D OHL - (££9°($ + L9%'gys) SIs0) 1¢

)

¥oN 03 pausping ale padnpal JHI UOL/Q0%§ dAoQe 63501 TV

01 :103u00 W)
*9H1 103 arau Gw.«:mma 1732uaq £377enb aye ) ou) 8SIVIATISNIIA 380D (9)
‘02 103 %0S x%@v:m OHL 203 206 x@lﬂ\@n (paunsse () pue DH1 yenba) ssauaAyId@III 180D ()
‘(©)+@ +©n sjuawaidul Buyjeiadp Tenuuy ()
‘ (pounsse ST 93eX JUNOISTP %0T) (5) X () UuNTo) « €380) yeifde) pazyrenvuy (()
*83150D PAILTIX JUN 9967 Yl 8IUIS31dax MOI PUOIIS 2y}
*£1802 paleTal ANl GE6T Pu® JWN T86T 2ul sIusaxdax mox 3siy) oyl (2)
*SUOTIBTNITED 3S3Y)
uy Pasn axam 07 pue QT ‘(T ‘0T ‘C s2rqel XodTTM "(6L6T) XOOTTM UT pauy3ap se , oujBus aBexaae, 1ad £3503 Ijun u.—q@ :n:ouﬁ@a:ﬂ:—ou (4]
(2)("sp3s an1
$86T ¥ IWN 1861
Niom eFyL snTd IRN 486T1)
a3ewyIsy . *81038NqWOdY K807
1s2q 00%_(2)00Z°01 ~ouyda1 padueape
(PoUISH uotied0TTV V43) |[0°¢ 0 0 L9%'8y 00S‘TH{8ZT T+ | OLT'T- 600°L | STET O st | oog‘cs| o0oz'es YItA 1013U0d
00L°6 o€e (1243 Xon snyd Aoy
0 6°91 [ARA €€9°L 92¢ 0 829 6L%‘9 | 879170 OT | 008°6E| 000°9S| -ouyoa3 sacqv ¢
(*p3s 3In1 <86T)
A3om STUL *sauy8us Isn-uy 03
s1eur 187 P233130133x £B07
1524 Q0% v/N (14 002 0 861 %1 €€T'9 %09 0 250°1 LYty | 809170 €1 { 008°1C] 00Z°‘tv| -ouydaa aaoqy °Z
("P3s 3HN 1861)
*sautBua painy
~Jujnuew ATA3u
uo A{uo (o13V0D
0D ¥ DH1 °s101
~snquo) uoyIINP
0z¢e /N szl 091 0 8°07 %°91 90Z°S €9 0 Tt ev'e | Sterco st | oot‘9z| o008°‘0Y -034 PAI1IIPOK 1
x X (I%/ %) @78 | Ga7H[ER/S | (3R/9 {sax (%) {3
OHl ON 04] OHL ON 0D JHL 8350) n$3800
103310) aoue asinx) p|atp1 9 |(€)sIsen | 1o3del Aung,,- 180D
(uo1/%) (uol (aurduy “Bay/ax/suol) | tenuuy |=Uu:.wwz\_ 1204 1onj | 1ed1de) K1aaoday 2311 §360) [ TOI3LOD Juamazduy
mmAN.wv_Suuauum nﬁmwﬂ_ozuuu:m 3180) UOTIZINPaY uorIN{Iod 18301 Mwwswuucu Guriexadg 1enuuy vouzwacﬁ‘_ Tearden | auydug) suydu3 aurduz 102300)
380D

«a

VAmxﬁqon 8£61) NOILYLNAWOD SSANFATLOZIAT 1S0D TONINOD INIONA IIVEDEIV

7—11TA AT19VL




e B T R p—

72

Cost effectiveness ratios of sources for which Federal standards
have been implemented or are under serious consideration are pre-
sented in Table VIII-5. Aircraft emission control costs from the
previous table are compared with other source categories. These
costs are $125 to $230 per ton of CO if the costs are evenly divided
between CO and THC. They appear on the high side of the $50 per
ton for the few sources shown for CO but are not completely unreason-
able from the little data available and the uncertainty of such
calculations. Estimated aircraft THC cost effective values at $400
per ton are well within the range of other strategies. This is
even true if all THC and CO costs are burdened to THC. Federal
standards cost up to $1,000 per ton of THC and appear to be in line
with those considered by states to meet oxidant NAAQS levels.

The aircraft NOx costs of $9,700 per ton to $10,200 per ton are
well above those of other strategies. If this value is accurate,
aviation controls would appear unreasonable. Unfortunately, the
accuracy of this estimate is hard to verify. The most important
cost component is also the most uncertain. An annual maintenance
expense of $42,500 per engine was estimated to result from the
greater complexity of the advanced technology required. This cost
is due to the introduction of immature and unknown hardware and to
a reduction in combustor durability. Since $8,500 per ton NO_ of
the total $9,700 per ton is due to this maintenance cost estimate,
its importance cannot be over-estimated.

E. Event Trees
A common hinderance to the use of dispersion models in deci-

sions is that estimates of uncertainties about the predicted values
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TABLE VIII-5

COST EFFECTIVENESS FOR NON-AIRCRAFT CONTROL STRATEGIES
(1978 DOLLARS)

Cost Effectiveness ($/tomn)
Control Strategy THC Cco NO“

1. Sources for which Federal standards are implemented or are under serious consideration.
{SOURCE: Compllation from numerous sources as presented ia Wilcox, 1979, p.60)

Degreasing 0-48% ~230(Savings)
Gravure 0-98% - 60
Gas Terminal 0-67% 0
Miscellaneous Chemicals 0-35% 0
Dry Cleaning 0-802 10
Gas Heavy Duty Vehicle Evap. 5.8-0.5 g/mi. 20
Degreasing 41-902 100
Induscrial Finishing 76-97% 110
Gasoline Handling 16~502 110
* Miscellaneous Chemicals 35-53% 220
Gasoline Distributions 67-992 300
Coke Ovens 0-80% 490
Light Duty Vehicle Exhaust 0.9-0.41 g/mi 530
CGas Handling 51-91% 780
Gas Heavy Duty Vehicle 902 of Baseline 300 8
Diesel Heavy Duty vehicle 90% of Baseline 162
Light Duty Vehicle Inspection & Maintenance 955 49 2,763
Light Duty Truck 1.7-0.8 g/mi 139-201 1
Motorcycles 9 to 8-22.5 g/mi 420
Motorcycles 34.67-27.4 g/mi neg.
Light Duty Vehicle 15-3.4 48
Light Duty Vehicle 3.1-0.4 2,700
Stationary Engines 0-75% 400
Utilicy Boilers 0-90% 1,400

II. Regional Sources as evsluated by the National Commission on Air Quality(198l1, p.4.1-29).
Full control costs are attributed only to reduction in hydrocarbons., Some proposed
source controls are as follows:

1. Los Angeles Region:

Numerous Source Categories 400
Machinery Surface Coating 1,239
Vehicle Inspection & Maintenance 1,258
Vegetable 0il Processing 2,908
Auto. Factory Surface Coating 6,281
Wood Furniture Coatings 8,260
2. New York Metropolitan-Connecticut Region:
Degreasing Activities, Cut-Back Asphalt,
Gas Terminals -450 (Savings)
Numerous Controls (Can, Coil, Wire, Fabric,
Paper & Appliance Coating Activities) 25-350
Vehicle Inspection & Maintenance (Comn.) 1,035 |
Automobile Coating 1,287
Vehicle Inspection & Maintenance (NY City) 1,563 ;
Gasoline Stations 2,012 '
Small Appliance Manufacturing 13,058
3. Twin Cities Region:
Numerous Controls on Petroleus Refineries,
Surface Coatings, Gasoline Marketing 155-466
Vehicle Inspection & Maiantenance 2,238
Fuel Storage Tanks 2,264-6,108
Appliance Coating Up to 3,483
Automobile Coating Up to 10,100

I1I. Aircraft Engine Emission Controls as Proposed in 1978 (From Table VIII-4)

Nevly Manufactured Engines 120+
(Modified Conventional Combustor
Technology) or 160 125
Retrofit to In-Use Engines 400
(Same Techpology as Above) or 200 155
Newly Manufactured Engines 400% 10,200*
(Advanced Combustor Technology as
an lacrement to Above) or 310 230 9,700
IV. Other In-Use Aviation Control Strategies -3,857(Savings)

(From Table A-10-2)

*Suggested in this work. All THC and CO costs attributed
to THC reductions. Other valuas shown attribute half of THC
snd CO total costs to CO and half to THC (EPA Mathod).

o e —————————————atil]
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are rarely given. A technique using event trees offers promise in
overcoming this shortcoming. A broad range of uncertainties can be
handled by constructing event or decision trees and associated pro-
babilities. The term "trees'" is used since from one origin or
"trunk"” can come many chance outcomes or 'branches'. Each "branch"
can in turn have many offshoots until a '"tree" of possible outcomes
are depicted. This approach has a wide variety of potential appli-
cations within the broader field of risk assessment.

Moreau (1979) illustrated a conceptual way that event trees can
be useful to relate air pollutant source emission levels to the
range of resulting air quality concentrations. An application of
this concept to Los Angeles International Airport (LAX) emissions
is shown in Figure VIII-7. Computations of input data are included
in Appendix C. A range of air quality concentrations (C) are pre-
dicted from the generated emissions (Gi)’ emissions control factors
(Ej), air quality dispersion factors (Ak) and uncertainty of pre-
diction factors (Ul)' Each of the above factors (G,E,A,U) are
associated with a probability of occurrence (yi, ej, aps ul). An

individual concentration (C ) is a linear multiple of each element

ijkl
with a probability of occurrence (Pijkl)'

Independence between G,E,A, and U is assumed since quantitative
correlations do not exist for airports. This assumption is reason-
able for prediction of a specific "worst case" hour but is unreason-
able for attempts to predict the spectrum of all hours in the year.
In the latter case, the G and A are dependent variables since both

are functions of the diurna’ time period. An airport measurement/

dispersion model study has also shown that U is related to A

(Yamartino, et.al., 1980, p. 42).
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The best estimate of emissions (G) is made from a deter-
mination of a typical aircraft fleet mix at LAX and from published
emission factor data. Assumed aircraft activity of 51 LTO cycles
during the "worst case' hour produce emissions of 822 g/sec of CO.
An emission variability of + 20% within this hour is assumed to
account uncertainties in engine emissions and aircraft activity
within this hour. Possible emission control factors (E) equivalent
to a 50%-707% reduction of CO are based on the conclusions of
Hypothesis H-4.

The air quality dispersion factor (A) was computed with the
simple model procedures outlined in the EPA workbook of dispersion
estimates (Turner, 1970). A stable early morning "E" stability with
a low 1 meter per second wind speed are assumed to represent the
"worst case' hour to be compatible with CO short~term NAAQS compari-
sons. The dispersion factor is the normalized ambient air quality
to emission (x/Q) ratio.

The uncertainty of prediction (U) values are selected to account
for under-predictions and over-predictions of up to a factor of 3.0.
This appears to be a reasonable estimate for airports based on a
detailed study of airport dispersion model performance (Yamartino,
et.al., 1980b, p. 109). The assumed probability values y, a, and u
represent ''reasonable estimates' and are obtained much in the way
values in a sensitivity analysis are selected.

A computer code (Appendix C) was written to rank-order all pre~
dicted concentrations and pair with the cumulative probabilities of
occurrence. Results suggest that violations of the NAAQS for CO
are not predicted at the 99,99% confidence level (Figure VIII-8).

While predictions are dependent on a number of assumptions, each is
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plainly stated and easily altered. Applications of the event tree
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approach suggest that with reasonable assumptions concerning the CO
emissions at one of the largest United States airports (LAX), the
probability of exceeding the CO hourly NAAQS is remote.
é F. Summary
: A summary of the alternate standard setting techniques discussed
in this chapter is considered in Table VIII-6. Different techniques
are often shown to suggest different conclusions. Since no technique
is clearly superior to the others, the following judgements and con-
clusions are made from consideration of all of the techniques:

1. Carbon Monoxide

The weight of the evidence suggests that standards for the con-
trol of CO from aviation sources is not currently warranted. While
the technology for 50%-70% control is available, the ambient measure~
ments, dispersion models, and event tree results have not identified

any air quality problem to be solved. The cost effectiveness of the

proposed EPA control levels is also higher than other sources for
which standards are contemplated. A comparison of CO emission densi~
ties is the only technique which suggests that controls might be
needed. Airport to county densities significantly increase between
1975 and 1995. These projections are made on totally uncontrolled
aircraft engines. Any THC controls would also lower CO emissions

and would alter these projections.

2. Total Hydrocarbons

Essentially all of the techniques considered lead to the con-
clusion that THC aviation emission controls are suggested. Technolo-
gical improvements can effect a 70%-907 emission reduction and are

cost effective when compared to other source strategies. Many parts
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of the United States have ambient 0x levels above those deemed to

cause potential health effects. Reductions by many sources of the

THC precursors to 0x formation, including those the size of airports,

appear to be needed to reduce these 0x levels. The relative impor-

tance of airport emissions compared to county emissions is highly

variable from area to area. Some airport/county ratios are predicted

* to increase between 1975 and 1995 while others will decrease, even }
without emission control standards.

3. Oxides of Nitrogen

1 The evidence concerning the need and effectiveness of standards
for control of NO_ emissions from aircraft is mixed. The technology
for control is not as effective as for THC or even CO. Reductions

in the order of 30%-507% may be possible but only with implementation
of largely unproven advanced technology combustor designs. At
$10,200 per ton of NOx eliminated, the cost effectiveness of these
controls is well above those for other sources. Also, a link between
airport NOx emissions and any real air pollution problems has not
been demonstrated.

The prime argument for establishing NOx aircraft emission stan-

dards is to mitigate the potential for future problems. Airport NOx
emission densities are not typically greater than those in surrounding
counties. For all 20 of the large commercial airports analyzed, the
ratio of airport to county emissions will increase between 1975 and
1995, The rate of projected increase ih aircraft emissions is con-
firmed and more graphically illustrated in the next chapter. The
level of stringency for NOx aircraft emission standards and whether
such standards should be set at all is currently difficult to

determine from all available technical evidence.




CHAPTER IX
AVIATION CONTROL OPTIONS

The information to establish emission standards would ideally
include accurate projections of source emissions from control
strategies and the associated incremental costs of compliance.
This information is conceptualized in Figure IX-l. The annual
source emissions are projected for various control alternatives.
The options have upper bounds of no regulated controls with no
cost penalties. The lower emission bounds are established by
the technological limits of comtrol. This assumes the emission
source is irreplaceable and cannot be eliminated by switching to
other processes or systems with no source emissions, Control costs
for the lower emission bounds include the research, development,
test and evaluation of new concepts in addition to the capital

and operational costs of implementing the controls.

81

A range of public policy choice in this figure jllustrates that

there are legal environmental constraints to protect human health
and welfare which may necessitate some level of control. Techno~
logical constraints can be established as a matter of policy at
levels of maximum demonstrated or even undemonstrated technology.
There is normally a range of options in between the environmental
constraints of adverse health and welfare effects and the maximum
technological constraints.

In practice, the emission reductions and costs from control
standards are never known with perfect certainty and are often

rough estimates. The marginal costs are typically known at only a

p——
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very few control increments. Levels of control to meet environ-
mental and technological constraints result from judgements which
are apt to be controversial. The levels are rarely well defined
functions which can be technically validated. The evaluation of
emission control options must somehow take place within this
setting of complexity and uncertainty.

The most elaborate and presumedly most accurate aviation
source projections are contained in the FAA Airport Emissions Data
Base. The computer program and input data were developed by ORI,
Inc. under FAA contract (Bauchspies, et.al., 1978). It is speci-
fically designed for the evaluation of alternative airport emission
control measures and their effect on the local air quality region.
Pollutant emissions are computed for THC, CO, and NOx.

The data base now includes actual air traffic operations for
1978 and forecasts for 1980, 1985, 1990, and 1995. The accuracy of
l the forecasts can be expected to decrease with the longer range 4

of projections due to greater uncertainties. Aircraft emissions
are generally consistent with EPA data (U.S. EPA, 1980a). Additional,
more recent data from engine test programs by engine manufacturers
is included when available. They were updated recently and are
considered as 1980 data.

The future projections of engine emissions data involves assump-
tions made by ORI, FAA, and in some cases the engine manufacturers.
Projections which involve the emissions of engines not as yet certi-
fied, the mixture of aircraft/engines, or times spent in each of the

landing and takeoff (LTO) operational modes at various airports are

subject to undetermined errors and uncertainties. All assumptions




and projections within the FAA Airport Emissions Data Base are

assumed to be correct in this work.

Special computer runs were supplied by ORI under FAA direction

(Bauchspies and Krull, 198l1). Emissions for four control scenerios

were run:

(1)

(2)

3

(4)

"Baseline'" Case - No aircraft engine emission controls
are assumed;

"Retrofit + 5 Years'" Case - Levels proposed by EPA
in 1978 are assumed to be met. A 5 year delay is
assumed so that 1981 NME standards were assumed to
be fully implemented by 1986, 1984 NME standards by
1989, and the 1985 IUE (Retrofit) standards by 1990;

"ICAO" Case - The 1980 recommended ICAQ standards
are assumed to be exactly met (no margin of safety).
NO_ emissions below ICAO levels are not increased to
thé ICAO levels;

"ICAO-I" Case - Engines are at or below the ICAO
standards. This scenerio was added since manu-
facturers have stated that if they have to implement
emission reduction hardware, the best technology
will be used and may be far less than the ICAO
levels for many aircraft engines.

Results for each of the four scenerios are shown in Figure IX-2

for THC and Figure IX-3 for NOx. The CO projections are not analyzed

in this chapter since their air quality benefits were concluded to

be insignificant., They are included in Appendix B for completeness.

Data base projections in 5 year increments from 1975 through 1995

are shown along with graphical extrapolations to the year 2000. In

each case the projections are the sum of all aircraft engine emissions

at the 26 large commercial airports now programmed in the data base.

Results for individual airports are included in Appendix B and are

useful to show the airport to airport variations. Data for 13 gen-

eral aviation airports is also available but are not used in this
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work since standards have been dropped by EPA.

Without emission controls, the THC aircraft emissions will
slightly decline until about 1985 and then increase due to greater
airport activity (Figure IX-2). The initial decline is from the
attrition of older aircraft engines which will be replaced by ones
with higher combustion efficiencies. The effectiveness of the EPA
proposed control levels for THC is obvious. Reductions from the
baseline are in the order of 85%Z. The costs per ton shown are
from Table VIII-4.

Projections of the ICAO-I case are surprisingly close to the
EPA levels. This tends to confirm the conclusion in model Hypothesis
H~7 that the EPA proposed controls are technologically reasonable.
It is debatable, however, if emissions reductions would actually
reach the ICAO-I levels when the ICAO standards are so much higher.
Cost estimates of the ICAO standards are not known to exist and con-
sequently cannot be shown.

Sizeable increases in airport NOx emissions are projected
through the year 2000 if engine controls are not implemented
(Figure IX-3). Increases result both from expected air traffic
growth and from emissions per aircraft LTO cycle. The per cycle
emissions come from the trend toward more fuel efficient higher
temperature engines which are typically higher in NOx (but lower in
THC) emissions.

The EPA proposed Nox standards are effective in slowing the
trend of Nox increases but do not cause significant overall reduc-

tions. Annual emission levels in the year 2000 are projected to

be about the same as in 1985 even with an average control effectiveness




88

of 65%Z. Also, as concluded in H~7, the EPA levels are too stringent
for many engines due to the advanced technology involved. Emission
reductions are likely to be less than shown. The costs of $10,200
per ton amortized over a 15 year engine life are well above those

of other NOx sources.

The alternative of no controls would lead to a 100% projected

intrease between 1980 and the year 1995. Adoptinn of ICAO standards
could lead to even larger increases. The technology to reduce THC
and CO emissions below the ICAO limits is presumed to accelerate

the switch to newer engines with higher combustor inlet temperatures
which in turn increases NOx emissions. The ICAO NOx standards do
not act as a ceiling to prevent NOx from increasing.

A comparative analysis was performed on these aircraft projections

relative to other mobile sources and overall emission projections.
The most accurate emission projections of mobile sources which could
be found were prepared by the EPA Office of Mobile Source Air Pollu-
tion Control (Wolcott, 1980). This report is based on 1977 NEDS

data and adds detailed computations to arrive at future projections
through the year 2005. Computations are done using the EPA developed
MOBILE 1 computer program. The most detail is given to highway motor
vehicle emission projections. Aircraft and other non-highway mobile
sources are assumed to have a 1% compound annual growth rate of
emissions. The EPA data focuses on carefully selected counties in
the nation. These counties were chosen from the nation's total

3,200 since they are identified with air quality problems. A joint

list was prepared from the 146 counties with CO violations, 90 #
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counties with projected NO2 violations and approximately 500
counties with Ox violations.

The overall hydrocarbon projections from these counties show a
sharp emission decrease from 1977 through 1995 and a slight increase
by the year 2005 (Figure IX-4). This trend occurs for both stationary
and mobile sources. Emission control programs are initially effective
until growth factors again cause emission increases. The NOx pro-
jections show slight initial decreases through 1987 but increases
to 2005 and presumedly beyond.

Direct comparison of the detailed aircraft emission projections
from the FAA Airport Emissions Data Base with this EPA data is not
possible. The FAA data includes only 26 major commercial airports
while the EPA data includes selected counties., In order to compare
projections, the EPA base emissions were scaled up using the graphical
projections in this chapter based on the FAA data. The results in
Tables IX-1 and IX-2 are much different than the EPA projections
based on a 1% growth rate.

Without controls, aircraft can account for 7.87% of all mobile
hydrocarbon emission sources by the year 2005. This is an increase
from 1.0% in 1977 to 2.5% of all sources by 2005. Aircraft emissions
controls effectively reduce any impact to 0.37% of all sources.

Uncontrolled aircraft NOx emissions rise even faster from 2.3%
to 11.2% of the mobile sources between 1977 and 2005. This is
equivalent to 1.2% through 3.3% of all sources in the same time
periods. The EPA proposed NOx standards would reduce the 2005 impact

to 5.1% and 2.07% of the mobile and total sources. Actual reductions
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are likely to be less than the EPA proposed levels due to technolo-
gical difficulties.

While aircraft emissions are now a relatively small contributor
to air pollution problems, their impact is likely to increase in
the future. Implementation of hydrocarbon control standards, as
proposed by EPA and to a lessor degree as proposed by ICAO, can
completely reverse this trend. Unfortunately, the trend of increasing
NOX emissions from aircraft cannot be reversed even with the best
known technology and very costly controls, Standards can serve to

delay emission increases by roughly 15 years.




CHAPTER X

CONCLUSIONS

Application of the hypothesis decision model (as summarized
in Table VI-1), comparison of various alternative standard setting
techniques (as summarized in Table VIII-5), and consideration of
the aviation control options (Chapter IX) have lead to the overall
conclusions and recommendations. Both the conclusions and the
recommendations in the next chapter are categorized into four
subject areas: air quality assessments, cost of controls, control
technology, and implications to standard setting.

A, Air Quality Assessments

Methods of air quality assessment used to evaluate aviation
sources include emission analyses, dispersion modelling, and ambient
measurement studies. Unfortunately, each method has flaws that make

general scientific conclusions difficult. Emission analyses are

readily understandable but are not directly comparable to air quality
standards. Dispersion models explicitly relate aircraft emissions

to air quality but can become so complex that they are hard to
verify. They also suffer from unknown plume-rise and dispersion
simulation errors. Ambient measurement data are difficult to inter-

pret since concentrations caused by airports are not readily separated

from those caused by other metropolitan sources.

Subject to the above shortcomings of the air quality assessment
methods, the following conclusions are made:

1. Analyses of all current evidence suggest that aviation
sources are not a direct cause of health and welfare effects. EPA

thus would not have to 1ssue aircraft emissions standards based on

¢ ’ .
— e i i . A-#
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the maximum control possible. Less stringent but more cost effec-
tive standards could be considered.

2. Emission and air quality data suggest that aircraft are a
small part of overall air pollution problems. Potential health and
welfare effects attributed to aircraft in pre-1973 studies have not
been substantiated by more recent data. However, neither have these
data established that hydrocarbon and oxide of nitrogen emissions
from aircraft are insignificant contributors to pollution on a

local scale. A rank-order of priorities for control is suggested:

Greatest Concern ~THC: Based on nation-wide 03 problems.
-NOx: Based on projected emission in-
creases and possible short-term

NO2 ambient effects.

~Smoke: Virtually eliminated in re-
cently designed aircraft engines
but may become a future problem
if broader specification fuels
such as those derived from shale
o0il are used.

-CO: Not viewed as a serious problem
from aircraft.

—Sox: No problems likely due to the
low sulfur content in jet fuels
v needed for engine durability

reasons.

-0Other Pollutants: No problems identi-
Least Concern fied.

This pollutant priority list is intended to initially rank the
pcllutants attributable to aircraft emissions based only on their air
quality significance. The costs and availability of control technology

can then be factored into this ranking to derive regulated standards.
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B. Cost of Controls

Implementation of conventional and advanced combustor techno-~
logies for large commercial aircraft engines could cost $1.5-52.8
billion over a ten year period. Whether the cost of controls exceeds
the air quality benefits is difficult to answer. Data from cost
effectiveness studies suggest that aircraft engine controls for THC
cost in the order of $400 per ton of emission reduction and are in

line with other air quality control strategies.

CO controls of about $200 per ton are somewhat higher than
other strategies but not necessarily unreasonable. NOx controls,

possible only with advanced combustor technology, cost a projected

P U NV

$3,400-510,200 per ton (two to ten times higher than Nox controls
L for other sources). Present aircraft emission levels would not
appear to justify these kinds of expenditures.

C. Control Technology

The technology for hydrocarbon controls is effective and can be
implemented with relatively minor combustor modifications. CO con-
trols are also effective but to a lesser degree. Limitations on
the amount of NOx emissions allowed influence the degree of CO re-
ductions possible. Available NOx control technology are less effec-
tive than for either THC or CO. High risk development programs are
also required to implement the advanced technology combustor concepts
for NOx control. Without any controls, however, aircraft NOx emis-
sions are projected to double in the next 15 years and reach 11% of
the mobile source and over 3% of total source emissions.

D. Implications to Standard Setting

Unless constrained by NOx regulations, future aircraft will use

]
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more efficient engines with higher pressure ratios and combustor
inlet temperatures, which will inturn increase NOx emissions.
Difficult policy decisions will have to be made. The regulatory
options are:

(1) Allow future engine efficiency improvements accom-
panied by large aircraft NOx increases.

(2) Limit future NOx emission levels, which may constrain
engine efficiency improvements.

(3) Force the high costs of undeveloped advanced combus-
tor technologies in order to have both more efficient
engines and reduced aircraft NOx emissions.

While the EPA levels of control proposed in 1978 force NOx re-
ductions, the International Civil Aviation Organization (ICAO) pro-
posed standards do not. In fact, aircraft NOx emissions are pro-
jected to be greater with the ICAO standards than without. Techno-
logy changes which produce effective THC and CO reductions also tend
to increase NOx levels. The ICAO NOx standards are set at levels

where they are not effective constraints to prevent these NOx in-

creases above uncontrolled levels.
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CHAPTER XI
RECOMMENDAT IONS

A. Alr Quality Assessments

Two important issues of technical uncertainty remain in de-~

fining the effect of aviation on air quality.

1. The significance of aircraft THC and NOx emissions in the
atmospheric formation of photochemical oxidants is unknown. Air-
craft emissions that result in ambient non-methane hydrocarbon con-
centrations in excess of the 160 ug/m3 air quality guideline have
been widely measured and modelled. This guideline is very crude,
however, and is no longer recommended by regulatory agencies. Few
atmospheric photochemical model applications have focused on air-

h ports. The ones used are either dated or produce ambiguous results.
Whether or not any pollutant from aircraft "contributes to adverse
health or welfare effects" is therefore still a debatable issue and
not easily resolved from current scientific information. Continued
studies on the characterization of hydrocarbon aircraft emissions
and definition of their role as photochemical precursors to oxidant
formation should be encouraged.

2. The effect of aircraft emissions on maximum short-term NO2
concentrations is questionable. The evidence that aircraft could
produce hourly NO2 concentrations in the 0.2-0.5 ppm (400-1,000 ug/m3)
range is suggestive but certainly not conclusive. The conversion
rate of NO emissions to NO2 in conjunction with atmospheric dilution
is not well understood. Also, the short-term NO2 ambient standard,

to be used as a measure of health effects, has not yet been issued.




Studies to clarify or dismiss this potential problem from aircraft
should be encouraged.

B. Cost of Controls

The most important cost of control estimates are unfortunately

also the most uncertain. Nearly 90% of the projected control costs

of $10,000 per ton of NO reduced are based on estimates of the

maintenance penalties of the complex advanced technology combustors.
Costs due to the introduction of immature hardware and decreased
combustor durability are involved. Controls for NOx from aircraft
engines should not be considered cost effective unless refinements
to these maintenance cost estimates prove the existing estimates are
incorrect.

C. Control Technology

A wide range of policy choice exists in the establishment of

specific emission standards for aviation sources. The range extends

from elimination of all aircraft emission standards to implementation
of the maximum control technology. Specific environmental constraints
have not been identified since elimination of all aviation standards
may not produce identifiable adverse health effects. Conversely,
effective control technology is available and the elimination of pollu-
tion whenever possible is a desirable goal. The choice of specific
aviation emission standards is therefore a policy decision rather
than a technical one. Instead of recommending specific levels for
emission standards, a general approach is suggested. It is certainly
not the only "technically correct'" approach possible.

Stringent hydrocarbon aircraft emission standards are suggested.

The control technology is available and cost effective. Reductions
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will not have a drastic air quality effect but should virtually
eliminate any contribution of aircraft hydrocarbon precursors to
serious oxidant air quality problems. Aircraft engine hydrocarbon
reductions would decrease the need for local option controls such
as aircraft towing along taxiways or early engine shutdown. A
resolution of safety concerns with these local strategies should
still be pursued due to potential energy and economic benefits.
Certification of such procedures would allow small additional
hydrocarbon reductions where deemed necessary because of severe
local air quality problems. ’

Standards for control of CO from aircraft engines should be
relaxed or eliminated. There is simply no air pollution problem

likely to be solved by such standards. Hydrocarbon standards will

also reduce CO emissions so that the potential for future CO pro-
blems from aircraft is minimal.

NOx standards are not now suggested., The difficulty in meeting
Nox control technology, high cost of controls, and the absence of a
proven link between aircraft emissions and health and welfare effects
are all key issues which should be addressed in the future. Careful
planning and long-term management rather than immediate regulatory
action is recommended. For example, regulations which force con-~
ventional combustor modifications four years prior to requiring ad-
vanced combustor technology are of questionable utility. Also the
time phasing of advanced technology implementation to the availability
of broadened fuel specifications from alternative sources of jet

fuel may be possible.
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D. 1Implications to Standard Setting

Several techniques have been explored in this work which have
potential usefulness toward establishing standards for non-aviation
as well as aviation sources. Continued development and trial appli-
cations of these concepts are recommended.

1. The hypothesis decision model offers a structured way of
dealing with complex technical issues. Adoption could bring increased
use of systems analysis concepts to the process of standard setting.

2. The explicit use of other standard setting techaiques in
addition to technology based judgements encourages the balancing
of all available evidence. Integration of results from several tech-
niques rather than focusing on one individual technique can lead to

more effective emission standards.
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APPENDIX A - TEST OF HYPOTHESES
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APPENDIX A
TESTS OF HYPOTHESES

The "tests of hypotheses' of the Decision Model illustrated in
Figure A-1 are presented in detail in this Appendix. Many readers will
wish to scan this figure and go directly to the hypotheses of particular
interest. Hypotheses H-1 through H~8 are in corresponding sections A.l
through A.8. H-10 is in Section A.9 and H-11 is in Section A.10 (since
Hypothesis H-9 did not need to be tested).

The technical issue, background discussion, data evaluation,
findings, and conclusions will be described independently for each
hypothesis. A summary of the references with relevant "evidence" is
put in tabular form to permit faster scanning of the data and easier up-
dating in the future (except for H-1). The order number of the evidence
in these tables has significance. Three different schemes are used:

(1) "Arbitrary Order" (H-1, H-7, H-10).
(2) "Ordinal Rank Order (H-3).
(3) "Reverse Chronological Order" (All other hypotheses).

An arbitrary order is used in H-1 since this hypothesis is assumed
(not tested) to be "true'". References are listed in an order which best
describes the issues. The order of references in H-7 was selected for
ease in describing the relationship between control technology and
aircraft emission control standards. An arbitrary order was used in H-10
due to the lack of substantive evidence on the issue.

A detailed rank ordering scheme was devised for H-3. This permits
an evaluation of both the amount and strength of the evidence. The added
complexity was deemed useful due to the regulatory importance of this

issue. All other hypotheses are listed in reverse chronological order
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to permit evaluation of the amount of evidence and the trends as
suggested by more recent research and development.

A summary of all evidence order numbers is presented under a
"true"” and "false" heading within the text describing each hypothesis.
This aids evaluation of the amount and sometimes the weight or trends
of evidence related to specific issues. It also can be used to quickly
locate the evidence on either side of an issue.

The objective of the tabular list of evidence and summary is to
explicitly integrate the scientific and technical information into the
standard setting process. Documentation includes not only what informa-
tion was considered but how it was used to make determinations on key
issues. Conclusions result from a synthesis of all evidence, not just
evidence which may support one point of view or another. Not all
parties are expected to agree on the conclusions derived from this
evidence or even on the summaries of the evidence themselves. Neverthe-
less the explicit treatment of all evidence leading to conclusions

should ; cmote a more systematic debate of the technical issues.
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APPENDIX SECTION A.l
TEST OF HYPOTHESIS H-1

Hypothesis H-1l: '"Accept the National Ambient Air Quality Standards

(NAAQS) and the U.S. air pollution control philosophy".
Issues:

(1) The U.S. air pollution control philosophy emphasizes attainment
of NAAQS as measures of levels to protect the health and welfare of all
people in the country. Emission reductions can then be allocated with
the goal of achieving these ambient results., Some critics have labeled
this system unworkable while others have deemed it economically in-
efficient.

(2) The accuracy of the NAAQS as measures of health and welfare
effects can be questioned. Large differences in human physiological
response and the complex mixtures of atmospheric pollutants make the
choice of any NAAQS extremely difficult.

(3) In establishing aircraft emission standards, the question is
also whether engine emission reductions based on ambient considerations
are adequate to prevent high altitude problems. Stratospheric ozone
depletion and subtle climatological changes have been deemed possible
by some scientists.

Discussion: Alternative air pollution control philosophies are described
in Table A-1. Only selected references, rather than a comprehensive list,
are shown. Emission standards can be performance standards with quanti-
tative limits or design standards with equipment or process specifica-
tions. Air quality standards are based on ambient concentrations to

theoretically protect against all health or welfare effects. They
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usually require compatible emission standards to implement pollution
controls. Emission fees or taxes assign an economic cost to pollution
emitted into the atmosphere. Cost-benefit controls limit the allowable
emissions in proportion to the associated damage.

Most countries are guided by the emission or air quality control
philosophies although not always in their "pure' form. For example,
Japan uses emission fees to provide incentive to minimize pollution
beyond that required by their emission and ambient standards. Common
law remedies are available in many countries including the U.S. to
supplement statutory law.

The U.S. air pollution control philosophy cannot be considered as
an unchanging subject. The basic three step process, ambient standard
setting, emission standard setting, and compliance enforcement is ex-
tremely complex and controversial. The best scientific data is often
very inadequate for important administrative decisions. Congress
periodically reviews the Clean Air Act and will do so in 1981 or 1982,
The Clean Air Act requires the Environmental Protection Agency (EPA) to
review a number of standards and regulations to incorporate new scientific
data. The balance among objectives such as environmental quality, energy
resource utilization and economic efficiency is a topic of continued de-
bate which includes political as well as scientific considerations.

Even if the U.S. air pollution control philosophy is accepted, the
appropriateness of specific NAAQS can be questioned. The process of
establishing a set of ambient air quality concentrations to describe the
complex biological and physical effects which characterize "health and
"welfare" is such an intractable problem that it cannot be done solely

on a scientific basis.
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The NAAQS do not apply to all environmental concerns related to
aviation sources. Upper altitude ozone depletion and climatic effects
from flights in the stratosphere have been feared by some scientists.
The intensive research to date has not identified the need for aircraft
emission reductions beyond those indicated from ambient concerns. Like-
wise, prevention of significant deterioration (PSD) and hazardous pollu-
tant discharges are major concerns in the U.S. overall air pollution
policy but have not been identified as important factors in the setting
of aviation emission standards.
Conclusions: The general U.S. air pollution control philosophy and the
numerical NAAQS are accepted as they presently exist. They are accepted
for the rest of this study as assumptions. A rigorous philosophical
treatment of these important issues is therefore beyond the scope of
this effort. Attention is instead focused on the emission standard
setting process, particularly as applied to aviation sources under the
present U.S. control philosophy. These assumptions should be well under-
stood, however, since future changes in the Clean Air Act or National
Ambient Air Quality Standards could affect some conclusions and recom-

mendations in this work.




‘papieae 21am j3)jaz 3ayiIdunfus jJou puv saBewep
Asuom Lquo ‘ITQEIIA0DI1 UIYY SEWdSIL) PUP JURETNU ST YONS SITpIMAI AR| UCEWMGD Pasn)as K[IFUCTITPEIY
SAWY B1In0D JRYY PATEIAII 9110dige Fujpunosans uojInjjod asjou puw ayw BuUTUIIOUOD SUCTIEBYIFY JO MITAIL Y

“A3TT1QRTT 191238 puw ‘aduaBilau
‘seedea1) ‘souesinu pNYOLY Layl "emITqosd uoTInilod 11T YITA TEIp O) ITQE]IRAE Ii¢ BITPIWII AF] UOWMNOD
‘UOTIIPPE Ul  "EIATIFUIIITE L203019IB yI|A [9¥Ip Iaoqe paqyidsap sajydosorsyd Joajuocs uoranjrod 1w ayy

‘Y3A038 >pwoucda 8 urder uo

Woys 10fws w pasned J0U FPY [0a3u0d uorInTIod jo 380> yBjy Ay ‘wazw ayl 3o L11yend ate ay3 uo spuadap
89) SY) 30 IUNGE® Iyl °GpIPPURIV UCTISSTE2 YIJA SITTEOD IDINOS Yl I UBAI 33) LOISSTWI UP AAI| uED
YWIYA 1dadU0D DTEOU0ID U BF (Jad) 19dIdUgag sheg 13InT1o4d 113YL ‘ABoJouYda] B[QUVITeAR O A{JiESS3I3U J0U
PUS 83133133 YITEIY VO PISEQ Sp2PPURIN UOTESTWI puw SV JO W3184s x2[dwOd B PaINITIBu} aawy ssdusder ayy

‘suoysjaoad uwiyg
vorITIUSEITdR] 23938 118Y3 JuIITdW] 03 [T9) OYa S21IWIP 1PUTEEW 218 SUOTIIW JUIMADIOJUD [RIIPI4 IV0Y
“(SL6T "I8Q-9L61 "I9Q) LIV 03 PUP (¥/61 "AON-ZL61 "J30) 0%y 01 (ZL61 "AON-OL61 'd2G) §7 wO1j paseaid

~U7 A[1937300RIp APy SIUMIOIOIUI ‘S°N IPIYL 08 Op O [JF) PIINIS J] SPIRPULIS IDI0JUI UED JUIMUIIACY
TRIPBL “§°N 343 IWYI $] Gaw] [OIIUC) 1OTINT[O4 1|V USEII) I8N pUR *S°() IYI UIBMIIQ DU JIP Koy v

*SPIVPURIS UOJESTED SNOIIWNU IPNTOU] oelw

ng jusmsBeusm LITTMND )% Jucl1S UO PISEq Iiw WPERUR) PUR ‘AuEWIaY) 1SIM ‘g () YL -SPINPURIE UCTESTEI
Kuwm Inq Shy ou Y UTEILIg IWIID “SPISPURIE UOCTESTEI A YIfA SOV UD A]21 Suojjsu usadoing uidjews
15430 puv PSSN YL “IIINIIT 1w SPANPURIE UOTSSIWD JO 1IQENU Y] ‘€2FIIVNCI |7 UT I[IYA 13Iwa1d aiw epiwp
-Ue3e L331wnd 139 JO 1IGENU Y3 ‘SITIIUNCD [[ U] °OAI Yl }O SUOTIVUIQEOD 10 ‘SPINPUFIS UOTES TR ‘ (sdv)
spawpuwis Li1ytenb 239 apnisuj prioa Iy1 InoyBnoayl pad¥13vid A[ywiauald sapydoso]iyd uotanyrod Xv ayg

*327198ad [eN308 UY W10} paxyE, XI1dE0D U] UIIJO 21W K10} IAOQP Y1 UY ,W10) aind, w sayydowoijug

asouyun 21q1319) us( 13Xz 4813497 aSwweq 31qeidaddy,, 17j2uag 180D ()
IuI[(IING JutIIxg 1§94 ,833un08aY JO UOFIEIOT[Y IINAWH,, {B3ag) xe] uoissymy (¢)
11wy 2004 poos 8133531 31vj1aM ‘yarsay ON,, spaepumis A31rwnd 21V (7)
Juaamy Jus Iy peg Aaap W11V 21419804 1sauwal), 8paspueig uoissrmy (1)
71199033 ITIITMMIS SEIUaATIOD) )T 303dy10893q Kydoso114yq

3900 .
$831923 BUTAOTIO) 343 Yija sagydosorjyd inoy ojuj PazjacBaiwd aq ued swezBoid [oijuod uoyingiod iy

. OISRy
(voradenssy £q) n_ﬁ_¢

(""" °)) :hq parwdgpuy saw peyd
#5U312331 3yl 3O 313wd JOU SLOFSN]DUOI

vg -9
(TL61) 29k

€-1 *dd
(9L61) vIway
pur {]aqdme)

g1 *d
“SCT-vgY -dd
(0861) vymrod

26¢ d
(6£61) unBuwy

ittot -4
(9L61) wivay
pue [raqdwe]

10z ‘261 4
(LL61) waanaynap

30 20yine SFYI Aq SIUIEOJe
793003004

sapydosoy yug
safaswaly ‘1

AydosoyIyq T021U0) UOTINTTIOL ITY *S°N *yY 14330y °¥

oNTEIITY S

< AHdOSOTINA TOULNOD “S°N GNV SHVVN 14NV >

T-H SISIHLO4dAH J0 1S3l
T-v 3719vVL

TRANSST . SWOLLBWEEV




110

WIS
VO IRIAY WOl) uoynilod 1@ 30 |

1yedes 319 3 Awlap Jo II® 1njyITeay pue uea[d J
_3peap »q Asm sainpadoxd V43 puv V) Y3 U} BIUIMIAO.
-31 UojIwIUINIAAL JO saja08238D 1YY

IwoT13104 JO 1IqUAU Byl pIIIIE 4q Awa vy W3 Aym suose3l

- a18tadoadde 1sou 3ie 3[eIS (8IO] © uo £1dde

AJIua1ayul yosys SHVWN 24) ‘safes [euojBaa adaey pue #qoi8 uo Jueajjudysuy aiv suarssRjud uojIviAe
Jawjian pus YIIwaYy, 3o uoy323load 3yl Joj SaINs8MW aajie1jluenb ee pasn 313A SHYYN ayl 'sadinos
©3IUOD 10) BULFIVINEIL [ULRAS jeul¥ilI0 Ayl Gl jumndop 3auddns sy U]

c 2iEj[am 20 yiyeay
ajrand aafurpua o3 paedyojaue 3q Aqeuopea) APD YIIYR vojmjjod 1y ‘0y anqiil
_uoa 10 ‘asned juswaBpn{ syy Ui yojum saulfua 3jeraste jo sasseys 10 sew{d Lur wolj
jueanflod 1y® Auw jo uo}SBIEd 34yl 03 ayqedjdde spiepuEls VOYSE WA pasodoad anesy" ",
:amyy 03 W) WO} ‘1yeys vaa jo J0jR1318YUTWPR Y3 1BW sa3p18 *1(Z UOIIDAE VWD 3L

+sgasol1d
o sjeo8 ayl 1amoy os(¥ pnod sucjIrIAIE 1of{ew ‘21qP
adwy wos 31 1YM «A1aydy 8 paseaiduj 10 a[qeis paunjem
o BIIYA 676 ©3 68 Woi} padun{ 8OV4 ajeiodiod ayl ‘awyl 18yl furang

paseaiduy seY ssas8u0] duangjul 03 Lqqof YITum (s0vd) ©93317amw0) UOYIIV

*6L61 03 (61 WOI} projadIwd
‘jesyuydal se ([N SE ‘1edyIflod aae 3adyL

+aduey(deod ,1aded, uey) 13yel

acuwiducd (ENIdN Su33138 U} PAIIUNOILI uaaq IARY emA[qold eI Wl uoIssIM3 YIim aoupyidmo) (f)
*, 183103 243 Jo pEIIsu} 3913 341 Uo 8NJO) 03 SN 832103
Aiyeaayy somye 13 ey nnu-uiuseua pue awWoS813qmnd 08 87 wma184s ayl,, rpaaynbaz aie gujaoljuon
juajqae puw ‘Buidpom voyeiadsjp (e21Eoj0s0213M ‘aaj101Uaau} UOTSSTWD Bulatasu} suoj2
-no(¥> JO SI3IqEnU aBny *IINOIIITIP AySuyzeme 9] S[3A21 SOVVN 343 mo129 U0} 182IUIDUCD JUIT R
yB11 ayl jo uyopisutmIalaq IUTIISS paEpUEls UCISSING (2

ujsuIm 2o aypal o3 SITeLY uogssIwa I

syBnoua pooB aq 3aA3U 111 819p 31]FIUIT28 2y uaym
samo39q VOIS AL .anieds ey 31393)3 (waydofoiq aud

syoeq aay3dafqo uw vo %z.u-ou:b._
of sens) [SIUIMUCAITAUZ I 23e{al 02 wisp pus 2Ienbapeui 8f y219IE3L 1821PR “ﬂ.:.ujmmﬁ.zu‘luﬁ:v

19da)1s [E1812A021U00 pu® x27duod

33143 SSA[CAUY esa303d jusealsuss Alyyemb 1je 3L ...:a«u-u::.ul—-.. jo ameu 3Yy3 vy aA}31033jaus pwe
pue pa3In® aq pinod 3§ ey} 818IND K3311919880d 2Yy3 pue 1861 U} AdFABL 1euoyssaifiuvoy 103 dn amod> pInod
YW Iyl -3mels xaydeo> pue wosdIgnoal ¥ 97 33 *3ov 21V uEd[) 243 Jo suauys fduodow Auew a3ideag

—— TN
(uos1dwnsny AQ) n:ﬁ»

A ARJOSOTINA 10ULIN0D ‘g GV SHVWNR 1420 V
T-H  SI1SAHIOAAH 40 Lsdl
(*d,IN0D) T~V 378V

g-2 94
(ZLel) vdl

U0 IPTAY
6Ll 'd (LL61) o 01 yden
EER R AL L4 b yIIm SHVYVE €

azwyfon pue Giyesy ITIang 123304 YN
613437 jO SaInSa SILINIIY ¢ Shvwn 43 3dadoV ¢

(e "¢

&ydos

~0oT14d 102100)

gyg "d uoyINTIog 1FV
(oB61) 31389 *$'p 3wa1m) ‘g

SANANALTL as SaNsS1 i1

I\

o,




111

“8]UpTea1 Lqiwau 03 ITqIEYAUL

A1assu 394 atoyn w o9 A31D 3yl 03 Juei0ode] 3q Awe 3104118 IYI JO BIFJIUAG JIFMOUOIT "IfSS2T punoll puw
‘930p0 ‘SIYEWID JO 1¥I] ‘FJOU S¥ YONS 91015¢; 13yJo 01 INP PAdJUSYUD 3G Aem $310d1}¥ woxj uojInijod 1ye
jusiwdde 03 UOTIONAIZ ITIqnd “E3FTITY [PIIUID UT Pa1daddw 3Q PINOA URY) SIDUIPFBIl AJTwE; Ivau S3])judme
J3I0 PUE 23¥ 2BUEITD pUNEIP PUP 103dx2 Aem SJUIPISIY "SI JUNENOD [W]IUIPIEIL AQ papunolans Kfjuanb
~91) 21% pus PRI UBIJ10dO1IIW JO K1aydjaad ayy uy A[1eIual 1w sliodipy -uoyITUBOIII IA1IBIP 139D
-1¥% wo1) uogInyiod 13® Jo uoyIdadiad # djyqnd Iyl 10edwl YOIYA ®1031OR) [E3180101008 pue [EITBAYd [eiInag

*aqiesodmy ATYINIITA BT SISEQ SFJIIUSIOE ® UO SPIEPURIE UOTSETMI
3O UIMYSITIqEIS? 241 ‘AOWandde 133921 YI IR UAOUR Iaw 1aydeoIways Yl Uy sJuwInifod Jo 8IV3JJa IYI [yIup

*@13ydeoIvads 2aA0] Y3 Ul SUTAT3 AOuU 3JR10138 Ja0dSupa) djuosqns JuaTwa3dad 230w Y 03 PR (LSS) iod

-suwi) djuosIAdne WPNITITE YBTY PIsodoid WO1) SIWIA IUIDBA UJ PITIJIYS SRY UIIDUOD ‘IIydS0IRIIE Y3 U]

*pPPINWI 182 A19N0JAI1Id SRA UBY] SUOTITIIUIDUOD WUOZO UO 3IJ3ID1fe £q
308339 IFTIVES AIIFIIUNISONS ® AOYS O) Pud) SIUIMIINSEIM AU puw Buj|japow I723yde03e13e U] BIUMDAOIdW]

*a1qyssod aiw Loy pus *syjeaiucd ‘gfy 031 anp Supwiea

30 87080138 >33 dE0Iviys puw UCTIATdap u0z0 03 anp BUTTOOD 13YIJ2 DU umounun K(aBaey aze 83223133
DFINMIT) “IIAB] IVOZO Y 03 INIIYI JUIUTEE] OU 3aq o3 siwadde a1ay)r *®13333a djaaydsoiwais jo Bujpuwas
-aspun JuUasexd I PUW (T O SUCTIII[0Xd ITJ AT 2T YIIM "I1YdSOWI® IY) OJUT SUOTSSTND WOl) PIIIITE
213a 82083001d 12)8Upi) UOTIRTIPRI § YII¥a Y] J] PIIBI) OS(® I1IA $123)]3 IJINE) "I1IDUED UIRS JO
933upoul 3338813 031 PEIY sdmyaad pus TaAI| punoal BUTYORIZ UOTITIPEI II[OJARIIIN Y] SISEIIOUT uIn) uf
YOTyA STIAIT JUOTO JTayde0INIIS npaa A11PI71210341 PINVD SUOESTN3 3ujHua woa) uafoilju JO Sapyxo
‘38214 "9I120833W0 OA) Ojuj (¥} I1aydeoiwais Iy uy BIYBTTY Iywadafe BuppieRas eUIIOUOD [PIVIMUOI IAUZ

(pwaouly Ayspya Inq uojiwInBai [wiapay ® uy ({yis -- [oa3uod g 10; WIUTTIPING,, 2pni))y

8 ‘4 1wak 1ad
Aep 2u0 uUBy3 J10W P3IPaacN> 3Q ©) jJou - *Baw inoy ) nl\u\nns fo
g ‘d us DyIEWaYI}ay Jenuuy al\ul.x: Ton
'y *ad 13d 30U0 USYl 3108 PIPaIVNI 23q 01 J0uU - ‘Sae we -9 nl\u\ec— uw!z
s Wom ow mow N w - 'Bawanoug ¢%/3400¢c1 0s
s w o w om ww " w - 'BAw anoy o7 ¢w/840st Wd
8 ‘4 " " “ " " " w 7 ‘Baw anoy | nlxﬂl@#
s ‘4 aeak 12d 20u0 ueyl 3i0om papaadn3 jJou - ‘¥%ae oy g ml\!— [44]
(§) pawpuels Kaspuosvss w7l JuTBelaAy ERLI R IUEINT 104

20 () paspuwig Kawmyag
$339 SIIPNIT UCTIRTA® JOJ EINTRA GHVVYN JUEIFJTudys I18ON 3yl -, 218)15a puw
4iteay, 3139301d 03 SIinEeIe 23WINDOY 3¢ 0) PAWNESF 319 SHYYN IUININD 3Y3 ‘Waom STyl JO sasodind ay3
304 "SUCTIW I Ipom 01 03(qne v puw Y43 Lq 81Rak ¢ AaaAd pamajaal Aiw Kayl ‘yy) ayl ug paanbai sy
S (P1923A013u0> 83 Ind uadq Iawy swy3 BurBeiaae paiwydoeer pue sIIWIT TPOTIMNU SHYYN PalelsiBay ayy

“ROTSSIOAIT

(uojidemssy 4q) anul

9¢ d (1£61)
pooniay puw Awy

v 4

(8L61) savor

g d

(0861) Yom-0vD1

< AH4OSUTIR "IOMINOD °S°R ANV SOVVN LJI3OV >

T-4 SISIHIOLAH 40 1SIL
(*d,IN0D) T-V AT4VL

o1 -d sovwn

Kq passeippy

0N Sma|qQoigd

1 ‘d  [evivsmuosfAuz

(L161) uwweIvawpung 1e33U9304 *
gzs °d
(0861) suoyjenBay
1213pa4 jo 3po)
SAINAYWIAAE AILOT1AS $30581




112

APPENDIX SECTION A.2
TEST OF HYPOTHESIS H-2

Hypothesis H-2: 'Hydrocarbon compounds (for oxidant control), carbon

monoxide, oxides of nitrogen, and smoke are the pollutants of primary
interest for aviation emission standard setting'.

Issues: Due to the vast number of chemical compounds which can be found
in the atmosphere, air quality assessments must focus on a reasonable
number of pollutants. A comprehensive study of all possible pollutants
of environmental interest would divert attention from the more important
species. The function of this hypothesis is to document how and why
certain pollutants from aviation sources were selected for detailed
evaluation in this study.

Discussion: Civil aircraft engine emission scandards have been estab-
lished to limit THC, CO, NOX, and smoke levels. sox, PM mass emissions,
trace elements, carcinogenic materials, and odorous compounds in air-
craft emissions have been discussed in the literature but not limited
by aircraft standards.

Data Evaluation: A review of over 200 documents listed in the References

resulted in a list of 40 sources which are useful in narrowing

the list of pollutants for primary attention. References were rank-
ordered in reverse chronological order as shown in Table A-2. Because
of the relatively uncontroversial nature of this hypothesis, a more
elaborate ranking scheme was not deemed necessary for this hypothesis.
After an evaluation of this hypothesis, the wording of the original H-2
in Figure V-1 was modified to show that THC limitations are intended to

control 0x levels and that smoke should be included as a pollutant of
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interest. To avoid confusion, this revised wording is used in the
findings below and throughout this Appendix.

Findings: Studies from Table A-2 used to test hypothesis are shown

below:
True False
(CO,THC,NOx and Smoke are of
prime concern)
CO: 2,5,15,18,20,23,24,25,26,36, 1,7,8,16
37
THC(OX): 1,2,5,7,9,11,13,15,18,20,23,
25,26,34,36,37
NOX: 1,2,5,7,9,18,20,23,24,25, 26, 15,36
31,34,37
Smoke: 1,2,3,5,18,19,24,27,28,32,38, 10,20,22,29,30
39,40
PM: 5,7,8,9,15,25,26 17,18,31,33,34,37
SOx: 1,6,7,15,24,25,26,31,36,37
Carcinogenic
Potential: 4,12,14,32 21
Odors: 16,31,36,37 28,35
Trace Elements;
Others: 4,12,37

The fact that the EPA aircraft engine emission standards includes
CO, THC, NOx, and smoke suggests that these pollutants deserve primary
interest unless a significant amount of conflicting data is found.
Emphasis on these pollutants is supported by the number of "true" studies
above. The significance of carbon monoxide has been questioned by several
recent studies but too few to justify elimination from further study.
Hydrocarbons are clearly implicated. Oxides of nitrogen from aircraft
were deemed negligible by two older reports but not by the newer ones.
Exclusion of pollutants such as carcinogenic materials does not mean that

they are of no future concern but simply that the current data are too

_— A
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weak to now consider such materials in the aviation standard setting
process.

The significance of aircraft smoke is more girestionable than the
gaseous pollutants described above. While most of the early concern
with aircraft air pollution dealt with visible smoke (and odors), the
control technologv has proven to be very effective. The references
listed in the '"false" category claim the problem has been completely
solved. Older turbojet engines have been replaced with newer "smokeless"
turbofan engines in virtually all civil but not all military aircraft.
The EPA emission standards have been less controversial for smoke than
for the gaseous pollutants. For this reason, smoke was not part of the
original Hypothesis H-2 in Figure V-1.

However, after a consideration of all data, Hypothesis H-2 was
modified to include smoke. The number of references in the "true"
category exceed the number in the ''false" category. In addition,
smoke may be of future interest because of the potential for changes
in fuel characteristics and engine designs. Jet fuels derived from
alternate sources such as shale oil will have higher aromatic contents
and will burn with more smoke (see Reference 3 in Table A-2). Also,
the trend to higher pressure ratio engines will make the job of keeping
combustors "smokeless' more difficult.

References are evenly split concerning the significance of parti-
culate matter from aircraft. However, most of the references in the
"true'" category have a low rank order in Table H-2 which indicates a
trend toward later research concluding that particle mass emissions from
aircraft are not a problem. Those that are in the 'false" category

mostly suggest a localized soiling problem from aircraft. Soiling
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problems have not been reported since 1973 and may have disappeared with
implementation of the ''smokeless' turbofan engines. Consequently, there
appears to be little need to regulate aircraft engine emissions on a
particle mass basis beyond the current regulations on a smoke basis.

No evidence could be found which suggests that oxides of sulfur
from aircraft are of concern. A significant carcinogenic potential in
soot from aircraft was alleged in one Russian article in 1972. Four
other references suggest that the amount of carcinogenic material is so i
low as to be relatively unimportant. There appears to be inadequate
evidence to draw firm conclusions.

Odors around airports were the subject of public complaints in
several references. However, there appears to be no way to measure or

control the responsible chemical compounds. Public interest and concern

has not been widespread enough to stimulate serious scientific study of

1 odors from aircraft. Few isolated studies dealing with trace elements,
nitrosamines, and other compounds in the aircraft exhaust products were
found. No other areas of environmental concern from aircraft emissions

are evident.

Conclusions: The pollutants of primary interest in the emission standard

setting of aviation related sources are THC (because of the relationship

to photochemically produced oxidants), CO, NOx and smoke. Smoke was not

.

part of the original model hypothesis since the present EPA aircraft
engine emission standards for smoke are less controversial than those of #
gaseous pollutants. Smoks emissions were added to this study since they

may be more difficult to control in the future. Higher compression ratio
engines and fuels with higher aromatic contents (such as shale oil derived

fuels), if adopted in the future, mean that improved technology to keep
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a "smokeless'" exhaust will be needed. There is currently insufficient
scientific evidence to indicate that aviation related pollutants,

other than those in this hypothesis, are of environmental concern.
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APPENDIX SECTION A.3
TEST OF HYPOTHESIS H-3

Hypothesis H-3: "Airport controls are optional to meet the National

Ambient Air Quality Standards (NAAQS).
Issues: The question is if aircraft must be controlled to meet mandated
NAAQS levels, or if they are one of many alternative sources which
could be controlled to meet environmentally acceptable levels.
Discussion: The Clean Air Act Amendments of 1970 (Section 231) directs
the EPA administrator to set aircraft emission standards according to
public health and welfare requirements and limited by aviation safety
considerations. National Ambient Air Quality Standards were established
as a measure of these public health and welfare requirements. In a report
to Congress in 1972, the administrator concluded that the evidence at
that time indicated that aircraft emission controls were necessary to

l limit localized "hot spots' surrounding airports which may exceed the
NAAQS levels. Aircraft engine emission standards were consequently pro-
mulgated in 1973. This action also stimulated many studies involving

ambient measurements and dispersion modelling.

Data Evaluation: Approximately 40 references were found to provide some

evidence which tends to support or refute Hypothesis H-3. A meaningful

data comparison of ambient concentrations from all studies could not be

e o

i done due to vast differences in airport emission strengths, pollution
backgrounds, spacial variations and temporal averaging of the data.
Ingtead, the conclusions of the authors and only key data are compared
in Table A-3. Page numbers are indicated for ease in verifying or

clarifying all conclusions shown in this table.
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An ordinal ranking scheme was devised so that the sources of all
evidence could be weighed from the strongest to the weakest. Note that
this is not a ranking of the overall scientific merit of these studies.

Instead, the relative importance toward only this hypothesis is con-

sidered. A study which is highly ranked in this hypothesis may be
lowly ranked or not even shown in another hypothesis. Works with a
common data base are given a common ranking such as a 6a and 6b.

The criteria used to rank the studies in this H-~3 hypothesis are
as follows:

1, Type of Study

-Overall Assessment (with several Strongest, Evidence
techniques, below)

-Ambient Measurements + Modelling

-Ambient Measurements

-Air Quality Modelling

-Emission Analyses Weakest Evidence

2. Scope of Study

-Many Airports Considered
-One Airport or Aviation Source Considered

3. Duration of Study

~Long Term, Over 6 Months Data
-Short Term, Less than 6 Months Data

4. Vintage
-Post 1973 (First A/C Standards)
-Pre 1973

Criteria #1, Type of Study, was given greater weight than the remaining
three criteria of roughly equal weight.

Findings: Studies from Table VI which supply evidence to evaluate
Hypothesis H-3 are shown on the following page. Some studies are listed

in more than one column when evidence supports different conclusions.
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True Marginal* False
(Aircraft controls are
optional to meet NAAQS)
Cco: 1,2,4,5,6,7,9,13,14,16, 12,15,19,25, 8,11
17,18,19,20,21,22,23,24, 27
26,28,29,30,31
NMHC(OX): 22,29 1,4,6,9,10,11, 8
14,15,16,21,24,
25,27,32
NOZ: 1,3,6,8,9,11,14,19,22, 1,2,4,5,8,15,16, 10,11,32
29 21,25

This analysis clearly shows most evidence supports a 'true' hypo-
thesis outcome for CO. Both the ' of the evidence and the weight
(indicated by low ordinal rankings) oi the evidence strongly point to
this finding. Universal agreement of these past studies cannot be
expected due to scientific differences in measurement techniques,
modelling methods plus variations in professional opinions.

Most of the evidence for non-methane hydrocarbons (NMHC) is in the
"marginal” column. This suggests that a scientific resolution of this
hypothesis is not now possible. The problem in this case is that the
NAAQS for NMHC levels has been specified as 0.24 ppm in the Federal
Registe hut is treated as a "guideline'" rather than a standard. The
reason is because health and welfare effects do not result directly from
NMHC levels but only when they are chemical precursors which result in
high oxidant levels. Many studies summarized in Table A-3 have pointed

out that not only airports but many other sources cause widespread

*Marginal: Category of evidence which suggests environmental concern
although a NAAQS is not violated. Some reports suggest that the NMHC
"guideline'" may be violated (but is only a crude indicator of NAAQS O
violations). Others suggest concentrations near the proposed short teim

NO2 NAAQS are possible,
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exceedances of the 0.24 ppm guideline levels. Such studies were
classified as marginal since they have not shown that NAAQS violations
for 03 have resulted. Also, the present NAAQS NMHC Guidelines are not
being used by EPA as an unenforceable concept. The null hypothesis of
"true" is accepted because of the lack of evidence to the contrary.

The evidence for NO, almost equally falls into a "true" or "marginal"
category. There is little support for a 'false'" determination (NO2
violations). Airport concentrations below the annual average NAAQS have
generally demonstrated for current emission levels but not necessarily

for future levels. There is as yet no short term NAAQS for NO, although

2
one is required by the Clean Air Act Amendments of 1977. Levels in the
0.2 to 0.5 ppm range are under consideration by EPA. Extrapolation of
ambient measurement data and some modelling data suggest airports may
cause "hot spots' close to these levels. Until the short term NAAQS for
NO2 is promulgated and the current suggestive data is improved, the
weight of all evidence is found to support a "true' rather than a "false"
determination.

Conclusions: The conclusion from a synthesis of all evidence reviewed
and presented in Table VI is that a ''true" determination should be
assigned to Hypothesis H-3. Aircraft emission standards should be con-
gidered an optional, but not necessarily essential, component of stra-
tegies to meet national ambient air quality standards. This conclusion
is well supported in the case of CO but somewhat tentative for THC since
there is no enforceable NAAQS for NO2 since the short term standard has

not been promulgated.

The above conclusion suggests that standard setting techniques other
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than those which force the maximum emission reductions may be appro-
priate for aircraft. Although treated separately in the Clean Air Act,
aircraft should not logically be isolated from other national air
pollution control strategies. The determination that aircraft could
be a contributor but are not solely responsible for health and welfare
effects suggests that emissions standards for aircraft might be estab-
lished by techniques other than the best available control technology.

] Other techniques are described in Chapter VIII of this work.
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APPENDIX SECTION A.4
TEST OF HYPOTHESIS H-4

Hypothesis H-4: "Aircraft control technology is available'.

Issues: Controls must be feasible in the engineering sense and accept-
able from the safety standpoint for emission standards to be considered.
If such technology is not available, further research is needed prior
to setting standards.

Discussion: Basic aircraft exhaust pollutant formation processes are

discussed in Chapter VIII. The availability of technology to minimize

these pollutant concentrations needs to be zddressed prior to setting
emission standards. There is no sharp, easily defined, distinction of
when these technological concepts are available or not available. In-
stead, there is an inter-relationship between many different degrees of
pollutant control; time periods required for engineering development,
test and evaluation; pollutant species for which controls are desired;
aircraft engine design configurations; and engine operational design i
parameters. The function of this H-4 Hypothesis is to describe and
generally evaluate if control technology is available by pollutant
species. The more specific pollutant reductions feasible by engine class,
implementation time, and pollutant specie are the subject of Hypothesis
H-7.

Data Evaluacion: Full consideration of all engineering data which affect

the complex inter~relationships described above are beyond the scope of
this work. Comprehensive reviews of such data, including literally
hundreds of published and unpublished references have been performed by

others. (Jones, 1978; Munt, 1976; Mellor, 1976). Findings and con-
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clusions from these works and others were used to compile Table H-4.
Technology shown to be effective (arbitrarily defined as greater than
50% reduction from conventional engine designs) which can be implemented
without extensive and high risk development programs is shown in the
"true" categories. Since general agreement was found in this data,
references were simply put in reverse chronological order. Discussions
of aircraft engine design configurations, concepts of emission control,
and technologies applied to aircraft engine combustors are presented

in the following paragraphs.

Aircraft engines are most generally divided into turbojet, turbo-
prop, and turbofan categories as shown in Figure A-4-1. Turbojet engines
derive their thrust by rapid acceleration of a rel:tively small mass of
air. They are best suited for high-flying, high speed aircraft but
suffer from low thrust at low air speeds. Turboprop engines derive
thrust both from the aerodynamic action of the propeller (roughly 907
of total thrust) and from rapid air acceleration. They have very high
propulsive efficiency and are commonly used on small commercial aircraft
and cargo military aircraft. Turbofan engines have duct enclosed rota-
ting blades and stationary vanes which produce 30%-757% of the total
thrust (Pratt & Whitney, 1970, p. 29). The remaining thrust is from
rapid air acceleration. Newer commercial engines are usually "high
bypass' types where most of the air through the fan section is immediately
exhausted and therefore bypasses the bagic engine sections where com-
pression and combustion take place., Greater propulsive efficiency at
low altitude results.

A cutaway of a typical turbofan aircraft engine is shown in

Figure A-4-2. The combustion chambers or "combustors" are primarily the
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target of air pollution control technology. With the exception of
after-burning engines used in military fighter-type aircraft or civil
supersonic transport aircraft, pollutant concentrations are essentially
fixed at the combustor exit plane.

A combustor schematic, operational parameters and air pollution con-
trol concepts are illustrated in Figure A-4-3. Current engine designs
are optimized for operation in high thrust conditions which leads to
high combustor inlet temperatures (Tin) inlet pressures (Pin) and
fuel/air (F/A) ratios. The resulting high combustion temperatures are
associated with high NOx and smoke emissions but essentially no THC
and CO emissions. Low thrust conditions such as during aircraft idle,
or taxi are characterized by relatively low Tin’ Pin' and F/A conditionms.
Nearly all THC, CO and some of the NOx emissions come from these aircraft/
engine modes of operation. Control technologies are often categorized
as high power (for NOX, smoke) or low power (for THC, CO, and sometimes
NOX). As noted in Figure A-4-3, some of the corrective approaches for
CO and THC are the exact opposite as desired for NOx. Simultaneous con-
trol of all pollutants therefore presents technological difficulties.
Effective control of THC levels is the least difficult_since compounds
most rapidly oxidize (see Chapter VIII, Figure VIII-1). Control of CO
is possible since it will oxidize if a longer residence time at high
temperatures can be maintained. Control of NOx is the most difficult
since the decomposition rates are so slow that the only control is
essentially to prevent the initial Nox formation.

Concepts of emission control technology can be categorized under
modified conventional combustors and advanced combustors as previously

shown in Chapter VII1I, Figure VIII-2. Schematics to illustrate these




-

139

concepts are presented in Figures A-4-4 through A-4-6 for modified con-
ventional combustors and A-4-7 through A-4-12 for advanced combustors.
The availability of these emission reduction concepts is presented in
Table A-4.

Findings: There appears to be little technical disagreement of the basic
outcome from testing Hypothesis H-4. A summary of references from

Table A-4 is as follows:

True False
(Aircraft Control Technology
Available)
THC: 1,2,3,4,5,6,8,9,10,11
Cco: 1,2,3,4,5,6,8,9,10,11
NO, : 1,2,3,4,5,6,7,8,9,10
Smoke: 2,4,6,8,9

Conclusions: The technology to effectively reduce THC and CO emissions

from aircraft engines generally exists and can be implemented without
extensive and high risk development. Reductions from levels in current
production engines of 70% - 90% for THC and 50% -~ 70% appear reasonable.

' criteria for most commercial

Smoke emissions are now below '"smokeless'
aircraft.

Extensive and high risk development is needed to implement techno-
logy for NO, reductions simultaneously with THC and CO reductions. This
technology involves staged combustor, variable combustor, or catalytic
combustor technology and has only been successfully demonstrated in a
few experimental studies. The No, for CO trade-offs are particularly
difficult.

The above conclusions apply only to present jet fuel specificationms.

Fuels derived from alternative sources, such as shale oils, have charact-

eristics which alter emission levels. Maintaining current emission




levels, much less large emission reductions, will be difficult. A

switch of this type could necessitate implementation of advanced

technology combustors for durability as well as emission reasons.
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(SOURCE: Pratt & Whitney Aircraft, 1970)

! TYPICAL TURBOJET, TURBOPROP, AND TURBOFAN ENGINES
FIGURE A-4-1
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RESULT

COMBUSTION INEFFICIENCY
CARBON MONOXIDE

UNBURNED HYDROCARBONS
causEs EFFECTS CORRECTIVE APPROACH
=2 QUENCHING INCREASE RESIDENCE TIME
" POOR COMBUSTION REDUCE FLOW VELOCITY
LOW: ! STABILITY RETARD MIXING
g LOW POWER - POOR FUEL ATOMIZA- INCREASE EQUIV RATIO TO 1
in 'DLE ; TION & DISTRIBUTION IMPROVE FUEL ATOMIZA -
P ‘ TION & DISTRIBUTION
FiR = POLLUTANTS
REDUCE RESIDENCE TIME
4 INCREASE FLOW VELOCITY
HIGH HIGH POWER  » EXCESS RESIDENCE TIME ENHANCE MIXING
Tin TAKEOFF * HIGH FLAME TEMP REDUCE EQUIV RATIO TO
P, POOR LOCAL FUEL 0.50.7
EIA DISTRIBUTION  OXIGES OF IMPROVE LOCAL FUEL
NITROGEN DISTRIBUTION

SMOKE
(Il1lustration from: Rudy, 1976)

AIRCRAFT GAS TURBINE POLLUTION CONSIDERATIONS. High and low power
settings have different operating conditions which cause different
pollution emissions. The dilemma of the engine designer is shown
where corrective approaches for THC and CO are often the opposite
from approaches for NOx.

FIGURE A-4-3

{b) PILOTED AIRBLAST INJECTION COMBUSTOR
CONCEPT.

(Illustration from: Rudy, 1976)

PRIMARY ZONE ENRICHMENT, DELAYED DILUTION, AND AIRBLAST CONCEPTS FOR
THC AND CO AND SMOKE CONTROL. TIllustration (a) uses increased com-
bustur bleed air to increase the equivalence ratio. Illustration (b)
uses air assisted fuel injection (airblast) to increase fuel atomiza-
tion and distribution. It also has variable geometry features increase
residence time but are more mechanically complex to produce.

FIGURE A-4-4
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{b) REVERSE FLOW COMBUSTOR CONCEPT.

W~

!

(c) PRECHAMBER COMBUSTOR CONCEPT.
"~ (Illustration from: Rudy, 1976)

REVERSE FLOW AND PRECHAMBER CONCEPTS FOR THC AND CO CONTROL.
Compared with illustration (a), illustration (b) uses the reverse
flow concept to improve fuel distribution along the combustor liner
wall. Illustration (c) depicts a smaller primary zone prechamber
which increases local equivalence ratios by delaying dilutionm.

FIGURE A-4-5

FUELED

(Illustration from: Swihart, 1971)

FUEL SECTORING CONCEPT FOR THC AND CO CONTROL.

An annular combustor with numerous fuel injectors is shown,

During idle and low speed engine operation, only every other fuel
injector is used to increase local equivalence ratios and therefore
combustion temperatures.

FIGURE A-4-6
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THERMAL BARRIER CONCEPT FOR THC AND CO CONTROL.

A coating on the inside of the combustor liner allows higher
gas temperatures near the liner to minimize wall quenching
of the combustor kinetics.

FIGURE A-4-7
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RECUPERATIVE COOLING CONCEPT FOR THC AND CO CONTROL.

All primary combustion air is first preheated to increase com-
bustion reaction rates. Air swirlers also aid in fuel atomiza-
tion.

FIGURE A-4-8
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CATALYTIC CONVERTER CONCEPT FOR THC, CO (AND POTENTIALLY NOx)
CONTROL. A low equivalence ratio (0.30 at idle) in the primary
zone lowers overall temperature to protect the catalytic bed and
lower NO_ formation. The ceramic honeycomb catalyst bed con-

sumes unburned THC and CO products. This concept is quite advanced.

(SOURCE: Mularz, Gleason, & Dodds, 1979)
FIGURE A-4-9
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{b) DOUBLE ANNULAR CONCEPT. (SOURCE: Rudy, 1976)

DOUBLE ANNULAR STAGED COMBUSTOR CONCEPT FOR NO_ AS WELL AS THC AND

CO CONTROL. The pilot stage is optimized for THC and CO control
during idle. The main stage is only used at high power and is de-
signed to limit NOx emissions.

FIGURE A-4-10

(d) Axial Staged Concept (SOURCE: Rudy, 1976)
AXIAL STAGED COMBUSTOR CONCEPT FOR NO_ AS WELL AS THC AND CO
CONTROL. High intensity swirlers dowAstream of the main stage
cause intensive mixing for THC and CO control plus flame stability
under lean mixture combustion for NO_ control. Concepts of fuel

scheduling, lean mixture combustion, premixing, and quick quenching
can be combined.

FIGURE A-4-11




VARABLE GEOMETRY ACTUATOR
FOR SLIDE VALVE =3
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DEVELOPMENT OF VAR IABLE SLIDE VALVE
{2) JET-INDUCED-CIRCULATION (J1C) CONCEPT.

VARIABLE GEOMETRY, PRIMARY g~ IGNITER
ACTUATOR FOR ___£ '
1,

SWIRLERS —

/
DILUTION ZONE 7 /T
SWIRLER

VIEW A-A (VAR IABLE SWIRLER)
(b) VORTEX-AIRBLAST (VAB) CONCEPT (SOURCE: Rudy, 1976)

VARIABLE GEOMETRY COMBUSTOR CONCEPT FOR NOx AS WELL AS THC AND CO
CONTROL. Both (a) and (b) designs allow for independent control of
fuel flow and air flow distribution. This theoretically allows more
precise control of combustion parameters for low emissions but is
mechanically complex, and has not been successfully demonstrated.
Illustration (a) shows a variable slide valve for primary and dilution
zone flow control. Illustration (b) shows adjustable swirler vanes to
alter the effective primary and secondary zones.

FIGURE A-4-12
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APPENDIX SECTION A.5
TEST OF HYPOTHESIS H-5

Hypothesis H-5: '"Aircraft engine emission controls, as required by

emission standards, significantly improve air quality".

Issues: Without reasonable evidence that air quality benefits will re-
sult from aircraft emission controls, there is little incentive to im-
plement expensive control standards. In effect, why seek a solution if
a problem does not exist?

Discussion: This test of hypothesis first requires further definition
to "significantly improve air quality"”. The aviation industry has long
maintained that aircraft engine control standards would produce insigni-
ficant air quality benefits. The argument is that aircraft engine
emission standards are unjustified unless they reduce or prevent adverse
health or welfare effects (The NAAQS are taken as measures of health and
welfare effects -- see H-1). This viewpoint is most appropriate for CO
levels from aircraft. Since the reactivity of CO is very low, the maxi-
mum impact from aircraft related CO is expected to be near the airport
emission sources. Extensive ambient air quality studies, based on
ambient measurements and dispersion modelling, should adequately be able
to define a CO problem if there is one.

Similar arguments are not appropriate for THC and Nox, however. An
important conclusion from the 1978 Reston Conference on Air Quality and
Aviation 1s that THC and NOx emissions from aircraft should be considered
on 3 regional basis (Sundararaman, 1979). Both pollutants are reactive
in the atmosphere. Potential air pollution problems, if any, are ex-

pected somewhat downwind of the airport boundaries. Roughly 94% of the
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NO emitted from aircraft is in the form of NO which is of little health
concern. Conversion to NO2 must take place before health related stan-
dards are applicable.

Aircraft THC emissions are not of direct health concern but only if
they are contributors to high levels of photochemical oxidants (Ox) pro-
duced in the atmosphere. Since many NOx and THC emission sources are
responsible for high 0x levels, aircraft must be considered along with
these other sources and not as an isolated problem.

Findings: A test of this hypothesis must be done somewhat differently

for CO which has a localized air quality effect than for THC and NOx

which has more of a regional effect. For CO, the studies from Table A-3

as used for Hypothesis H-3 are also appropriate to evaluate this hypothe-

sis. The same ordinal ranking scale applies. Results are repeated below

(the "true" and "false'" columns are reversed due to hypothesis wording

differences):

True Marginal False
(Aircraft Controls Signi-
ficantly Improve Air
Quality)

Co: 8,11 12,15,19,25,27 1,2,4,5,6,7,9,13,
14,16,17,18,19,20,
21,22,23,24,26,28,
29,30,31

Analysis of the CO evidence clearly indicates a 'false" hypothesis
outcome. Both the largest number of studies and the most significant
studies (indicated by low ordinal rankings) are in the false column
above. References 8 and 11 appear to be "true' because of inaccurate

conclusions from the limited measurement data available at the time of

the reports (Yamartino, 1980).




Few studies were found which deal with THC and NOx emissions from

airports as a regional problem (Table A-5). Most ambient monitoring
studies were therefore not relevant for this hypothesis. A simple
ranking scheme is used. The only two photochemical studies which involve
airports and aircraft are given the highest rankings, 1 and 2, The re-
maining 4 reports are ranked in reverse chronological order. Results
from this work are also summarized and given an unranked "O" order.
A summary of the reference rank orders are as follows:
True False
(Aircraft controls signifi-
cantly improve air quality)
THC(OX): 0,2,3,5,6 1
Nox: 0,2,3,5,6 1,4
The limited evidence supports a conclusion that aircraft and air-

port THC and NOx emissions have an effect on air quality. Aircraft con-

trols, shown in H-4 to cause over a 70% THC reduction and up to a 40%

. NOx reduction, are therefore expected to cause some air quality benefits.
t The strength of the evidence is questionable, however. Considerable
technical uncertainities are associated with all of the studies shown.
The elaborate model application in Study 1 does not suggest airports
cause significant increases in 0x levels. Study 2 concludes aircraft
can cause significant 03 increases but is based on outdated chemical
mechanisms and aircraft emissions. Logical arguments in this work suggest

that THC emissions and potential emission reductions from aircraft are

significant when compared to stationary sources considered cardidates
for New Source Performance Standards (NSPS). The remaining THC and Nox

studies on Table A-5 are placed in the "true" category but have various

weaknesses as described under each source.
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Conclusions: Air quality problems due to CO from aircraft related
emissions are not expected on or near the airport boundaries. The vast
majority of published airport air quality studies show that levels are
well below those of health related standards. The conclusion is there-
fore made that regulat®’ .s to control CO emissions from aircraft will
not significantly improve the air quality since no problems in these
airport areas are knows to exist.

The effects of THC and NOx aircraft controls are much more difficult
to assess since potential problems would not occur until after atmosph-
eric reactions cause the formation of 0x and NOZ' The complexity of
the atmospheric photochemical process causes this assessment difficulty.
In the absence of evidence to the contrary, the null hypothesis that

THC and NOx controls improve air quality is accepted.
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APPENDIX SECTION A.6
TEST OF HYPOTHESIS H-6

Hypothesis H~6: '"Aviation emission controls are best implemented as

uniform national standards".

Issues: Since air quality problems from aviation are believed to occur
at only some large commercial airports, if at all, stringent control of
all aircraft engines may be less desirable than more lenient controls
in combination with aircraft or airport operational changes.
Discussion: The effects of air pollution from airports are functions
of the aircraft engines, airport design and location, aircraft activity
levels, aircraft fleet mixture, operating procedures, and emissions by
other sources such as motor vehicles. Stringent emission controls have
been applied only to aircraft engines with uniform national applicabi-
lity. Mandatory changes to the ground operating procedures of aircraft
were proposed by EPA in 1972 (Federal Register, 1972) but never imple-
mented. Such strategies do not have to be on a uniform national basis
but can be implemented in only the local areas where beneficial. These
"local control” techniques can be used to supplement, replace, or to
allow less stringent aircraft engine controls.

Data Evaluation: Little technical data was found which deals with the

merits of uniform national controls versus local aviation emission con-
trols. Most studies focus on particular control strategies or make
general policy statements with minimal justification given. One rigor-
ous study was found and is given a rank order of 1 in Table A-6. All
other references provide less evidence and are simply listed in reverse

chronological order.
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Findings: A summary of findings from the references in Table A-6 are
presented below. Findings which apply to aviation pollution without
clear applicability to various species are listed under a separate
category. References 5 and 9 have elements which can support "true"

and "false" outcomes.

True False
(Arguments for only (Arguments for a combination
National Standards) of National and Local Controls)
THC: 1,2,4
Cco: 1,2,4,6
Nox: 1,2
Smoke: 6
"Unspecified
Aviation
Pollution': 5,7,8,9 3,5,9

Data in References 1, 2, 4, and 6 indicate that techniques (such as
aircraft towing or reduced engine operation) which do not have to be
implemented on a uniform national basis are as effective in reducing
aviation emissions as are the aircraft engine emission standards. A
"false" hypothesis outcome is therefore indicated for THC and CO.

While questions concerning flight safety have not been resolved, neither
is there convincing evidence that such techniques are in fact unsafe.
Further discussion of this issue is presented in Hypothesis H-11.

No locally controllable techniques which effectively reduce Nox
and smoke were found. Neither pollutants are serious in the low-power
engine modes so that modifications to ground operating procedures have
little effect. Aircraft engine controls through national emission

standards appear to be the only option if reductions are desired.
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Policy decisions as discussed in References 5, 7, 8, and 9 favor
only Federal controls, apparently to avoid potential disruptions in
aircraft travel. The Clean Air Act Amendments of 1975 specifically
prohibits state or local aircraft or engine standards if different than
the Federal standards. The extent to which local controls can be used
to modify aircraft ground operating procedures is unclear. The FAA
would have to be convinced that any such controls do not jeopardize
aircraft safety.

Conclusions: Aviation emission controls are not necessarily best imple-
mented by uniform national controls for THC and CO emissions. Localized
techniques should be considered to either allow more relaxed, cost effec-
tive national aircraft engine emission standards or to further reduce

THC and CO emissions at airports where serious pollution problems are
evident.

Desired aircraft controls for NOx and smoke are best implemented by

engine emission standards on a uniform national (or international) basis.
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APPENDIX SECTION A.7
TEST OF HYPOTHESIS H-7

Hypothesis H-7: '"Current national aircraft engine emission standards

are too stringent'.
Issues: Relaxation of the EPA regulated limits and compliance deadlines
has been petitioned by the aircraft engine companies because of tech-
nological difficulties. Reviged standards were proposed by EPA on
March 24, 1978, Final rule-making is still pending. The issues are
whether the original EPA national emission standards are too stringent
and whether the 1978 proposed standards are too stringent.
Discussion: The meaning of “too stringent” must be clarified before a
test of the above hypothesis can be attempted. Whether any standard is
too stringent depends on several policy questions upon which technological
evaluations are based. The first policy question addressed here is if
the standard should be based on ambient air quality or control technology
considerations. The preamble of the original EPA standards 38FR19088,
July 17, 1973, stated:

"The standards proposed herein are not quantitatively

derived from air quality considerations discussed in

the study report cited above ("Aircraft Emissions...

1972") but, instead, reflect EPA's best judgement as

to what reduced emission levels are or will be prac-

ticable to achieve for turbine and piston engines".

A somewhat different discription is found in the preamble to the
latest proposed standards, 43FR12615, March 24, 1978, page 1889, and
states that:

"In determining appropriate levels for standards (for
commercial aircraft), consideration was given to air

quality needs, technical feasibility, and comparative
cost effectiveness".
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Exactly how these three factors were considered in the proposed regula-
tory levels is unclear. Discussion in the same preamble suggests the
basic determination of the quantitative control limits in the emission
standards still appears to be made from judgements of the best practi-
cable controls. This technological basis for the stringency of the
standard will be assumed for the testing of this hypothesis. Alternative
techniques for setting control limits are explored in Chapter VIII.

The second policy question is how to define what technological
levels are to be considered as ''practicable’ for the control of emissions.
Control limits can be established at levels which are currently avail-
able in production aircraft engines with the lowest emissions, demonstra-
ted in prototype engine combustors so that little, if any, further
development is needed, or judged achievable in advanced concepts while
allowing further development time to obtain compliance. All such con-
cepts have been used by EPA according to the perceived urgency to control
an individual source category. The current policy toward aircraft
engine emission standards is not completely clear and could easily
change in the future. Therefore the assumption made in this hypothesis
is that the best technology which has been demonstrated will be evaluated
against the stringency of the standards proposed for 1981 implementation.
The application of advanced technology will be evaluated against the
stringency of the standards proposed for 1984 implementation.

Data Evaluation: Studies which compare the maximum practicable control

technology with the national aircraft engine emission standards are
presented in Table A-7. Two categories are used. Data and conclusions
which deal with the original 1973 standards with modifications prior

to 1978 are listed in the first category. Data which relate to the
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1978 proposed standards are in the second category. References are
listed in an arbitrary order since a more elaborate approach appears to
be of little benefit. Data tables which support conclusions in Table A-7
are reproduced in Tables A-7-1 through A-7-8 and Figures A-7-1 through
A-7-8.

Independent sources of data to evaluate this hypothesis are quite
limited. Evaluations by the EPA technical staff are published in the
Federal Register and supporting documents. Results of the NASA sponsored
research provide valuable quantitative comparisons but are based on ex-
perimental studies, usually with advanced technology concepts. These
results cannot be directly translated to what is practicable in opera-
tional aircraft engines. The limited data published by aviation related
companies and organizations are also included in Table A-7. They some-
times are based on logical arguments but with minimal supporting data.
Findings: A summary of studies used to evaluate Hypothesis H-7 is showm
below. The study numbers are not weighed according to the strength of
the evidence. Also, the "true'" and "false'" outcome is highly dependent

on the two policy assumptions in the "Discussion' paragraph above.

True False
I. Pre~1978 Standards (Levels in Standards (Keep Levels of Control
too Stringent) with Minor Relaxation

of Deadlines)

THC: 1,2(T4,APU,P2),3,5,6,
T7(P2)*

CO: 2,5,9(T2,T4)* 1,2(T4,APU,P2),3,6,7(P2)

No_: 1,2,3,4,5,9(T2,T4)* 2(P2),3(P2),7(P2)*

Smoke: 8(T3)* 4,7(P2)*

*Results apply only to indicated class of engine

2k
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True False

I1. 1978 Recommended (Levels in Standards (Keep Levels of Control
Standards too Stringent) with Minor Relaxation
of Deadlines)

THC: 11(1984 Std.) 9(T2,T4,P2)*,11(1981 Std.),
12,13
Co: 9(T2,T4)*,11,13,14 9(P2),12
NOX: 9(T2,T4)*,10(1low 9(P2)
quality fuels),ll,
12,13,14
Smoke: 10(low quality fuels) 9(T2,T4,P2)*%,11,13

*Results apply only to indicated class of engine.

The vast majority of the evidence considered indicates that the
levels of control regulated for THC emissions are reasonable. The
technology is well developed for effective reductions in the order of
80%-90% of current production engines. Relatively minor engineering
changes, primarily affecting the fuel atomization and fuel and airflow
distribution, can be implemented within several years for new and in-
use engines. Reference 11 in Table A-7 does claim that the 50% reduc~-
tion proposed for 984 and in addition to the 80%-90% previously required
is too stringent, at least for certain engines.

The evidence of whether CO standards can be met is mixed. Conclu-
sions depend largely on the class of engines considered and the stringency
of NOx standard which must be simultaneously met. Engines in the P2,
and APU classes can meet the control limits. Regulations for the APU
class have been eliminated, however, on the judgement that the minimal
air quality benefits did not justify the costs of control. Although the
control technology is fairly well developed, engines in the T2 class
and those of an old design have the most difficulty in successful imple~-

mentation of this technology (Sources 2,5, and 9). Stringent controls
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proposed for 1984 which include NOx make CO reductions more difficult
since design parameters which reduce one pollutant tend to increase the
other pollutant (see Hypothesis H-4).

The evidence concerned with NO_ control supports the "true"
hypothesis with the exception of the P2 engine class for which the
standards provide a "ceiling" on future emissions rather than reduce
current levels. Concepts which effectively reduce NOx emissions are
still in the early stages of development. NASA-supported research
efforts have had mixed success. Reductions have been obtained with
experimental combustors but often at the expense of increasing smoke to
the visibility range or of not achieving CO goals. Just as importantly,
the increased mechanical complexity and weight required with these ad-
vanced concepts, are of concern from the safety and durability viewpoints.
Major development test and evaluation programs are needed to demonstrate
the levels of control proposed for 1984 standards. Also, as described
in Reference 10 in Table A-7, alternate fuel sources with fuel bound
nitrogen can easily nullify progress made toward emission reductions.

The standards for control of smoke are generally achievable. Little
evidence to the contrary is noted in Table A-7. The older JI3D engine
in the T3 class has a specific waiver to postpone compliance until 1985
when noise rules will cause engine replacements to be made (Reference 8).
Future alternate fuels could complicate compliance for all engines. With
these two exceptions, however, the control levels for smoke seem practi-
cable.

Conclusions: The regulated limits for hydrocarbon and smoke from aircraft
engines are not deemed too stringent. The control technology has been de-

monstrated on production engines or to the point where only minor, low
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risk development programs are required for compliance.

Levels of CO proposed for 1981 implementation have not been demon-
strated on many types of engines. Additional testing of control concepts
such as fuel staging is needed to insure practicability. More stringent
controls proposed for 1984 implementation are even more doubtful when
combined with simultaneous NOx controls.

Emission standards to reduce NOx can only be met by implementation
of advanced technology concepts. Such concepts have shown promise in
experimental studies but require high risk development programs of the
complex hardware to meet all design criteria for safety, durability,

and low emissions.
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TABLE A-7-1

PROSPECTS OF MEETING THE AIRCRAFT ENGINE EMISSION STANDARDS
(SOURCE: Munt, 1976)

NC aad CO prespactass NOx prespaces ¢n
Ingine 1] 1900 1901 later 990 Fty 190 1 leger
Tl Class (omsll jot englnes)
1. AlResearch
N sod s00d
ATP3 wnknowm unkaows

2. Pract & Waitaay
of Canada

IR fotr fotc
3. Avce-lyceming
ALFS02 tsir sond
4. ral Blectris
€610 poe altesdy mot
cri00 poa slresdy met
5. Pratt and Whitney
JTI2A poor slrepdy mat
&. Roils Royce
L0 sood sood
B0 good g00d(1979)
T2, 11, T4 Classes
(larga jet engines)
1. Pratc and Whitaey
JT90-7 good oot
IT90-70 sood gond
JT100 good st certificacion date Boed ac cartificstion dats
T30 poo! poei
JT80 fair poe
2. Gemarsl Llectric
cre-6 poe -
CTe-50 fatr poo: ..
e fatr : good
3. Relle Rayce
R211-228 fatr good (date waknowm)
A211~524 nood good (date vaknown)
Spey3lL oo unknown
Spey5ss pool unknown
22 Class (turbeprop
engises)
1. AtResesarch
T’ good slready met
2. Pratt snd inicney
ot Canada
76A-27 good alresdy met
PréA-4L socd slready ot
3. Aveo-Lycoming
LTP101 Catr good good (1979)
19214 already set slready met
ny already oot sltesdy met
4. Alltson
25 good alresdy net
301 good slresdy wot
3. Rolle Royce
Dare fotr 3004
Tyne unhnown unknows
APU Clavs (on beard powver)
1. Afflesesreh
CTCP goed peol
TSC2700 sltesdy met aoed
[2{=2 1 goxd walnowa
[24{~4 ] alresdy set uaknewe
CTCP480 seed pou
2. Pratt & Whitsey
of Cansde
16 sliready set soed
3. Seler
Titan-39 walnown mhasve

¢ CX %Ou techmslogy sveileble but Lasdaquete for complisee.

L toe tag the g levels opectiiiod by the KP4 1979 stenderde for sowly
wsaufestured engines by Jemuaty 1 of the indicated your.




TABLE A-7-2
EPA PARAMETER EMISSION LEVELS FOR THE LTO CYCLE
1979 EPA STANDARDs (SOURCE: Rudy, 1976)

°ENG THC co NO, SMOKE
CLASS

PRES | STD | PRES | STD | PRES |STD | PRES | STD
n 416 | 1.6 ] 1560 | 9.4]2545] 3.7 - @2
nulza| 8| 10| 43| 30| 30|26
P2 6-12 |49 | 2030 |26.8| 610 [129 | - S0
PISTON |3-45(1.9 | 0-10{42 (0.2-03 1.5 -

1981 EPA STANDARDS

(r2nmef2a {os| 7-0 | 30] 30 [30]mes] <5 |

*T1 - JET AIRCRAFT GAS TURBINE ENGINES, <8000 LB THRUST.
T2 - JET AIRCRAFT GAS TURBINE ENGINES, >8000 LB THRUST.
T3 - JT30 ENGINES.

T4 - JT8D ENGINES.
P2 - TURBOPROP AIRCRAFT GAS TURBINE ENGINES.

TABLE A~7-3

PRODUCTION ENGINES VERSUS
1979 EPA STANDARD
(SOURCE: Diehl, 1978)

ENGINE| ENGINE THC co NO, SMOKE
ClASS

STO | PROD | STO { PROD [STD | PROD | STD | PROD

P2 1501-D2A( 4.9 ( 306 (268 118 [12.9] 48 [29 | 189
T JTE-T1 | 1L6) 331 | 9.4] 180 | 3.7] 162 |40 | 118
T4 [JT80-17 | .8 500 | 4.3{ 3% { 3.0 260 {5 | 120
T2 | JT90-7 .81 488 | 43| 19% 130|197 |20 | so
2 [CF6-50 | .87 538 [4.3] 51 |3.0{ 257 |19 ] 68

PRODUCTION VALUES AS % OF EPA STANDARD.

TABLE A-~7-4

POLLUTION SUMMARY ALL ENGINE CLASSES
(SOURCE: Diehl, 1978)

EPA | ENGINE | ENGINE | MODINCATION| % OF 1979 EPA STD
CLASS PR REQ'D -

™| co | NO, |smoKe
P-2 s01-0zA| 97 | mmorR | 6| w | s | s
w2 MR | B 1@ | 10 | —
4 |mow | n MIR | B3] @ | 16 | 18
2 [ | 2 MUR || | % | 150
T2 |creso | 30 MAOR | B | 7@ |18 | 1

TABLE A-7-5

POLLUTION SUMMARY
T2 ENGINE CLASS
(SOURCE: Diehl, 1978)

ENGINE | % OF 1981 EPA STD

™| co | wo,

-7 1 % 106 %
CF6-50 | 16 [ 110-211 | 1@-187
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PRODUCTION REVERSE PRECHAMBER STAGED
FLow Moo v FUEL
MOD Iv MOD Vv

Comparison of hydrocarhbon emissions from best combustor
concepts and from production combustor.

(a) Hydrocarbon Emissions

—

26.8
20.1

Sp-A e —— 1, Y1 Y

.__ EPA STDS.

CO LB/1000 HP-HR /CYCLE
i

[l

PRODUCTION REVERSE PRECHAMBER STAGED
FLOW MOO v FUEL
MOD IV MOD V

Comparison of carbon monmide emissions from  hewt
combustor concepis and from production combusor.

(b) Carbon Monoxide Emissions

(SOURCE: Mularz, Gleason, Dodds, 1979)
FIGURE A-7-1
COMPARISON OF POLLUTANT EMISSIONS FROM ADVANCED TURBOPROP COMBUSTOR CONCEPTS

WITH PRODUCTION COMBUSTORS AND EPA STANDARDS FOR 1979. The NASA program goals
shown were set 257 below EPA standards to allow an increase during final combustor

development.
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PRODUCTION REVERSE PRECHAMBER STAGED
Flow MO0 v FUEL
MOD IV MOD v

Comparison of smoke emisvions from hest combustor
concepts and from production comhusior.

(c) Smoke Emissions

EPA STD{
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e

0
PRODUCTION  REVERSE PRECHAMBER STAGED

AOW  MODV  FUEL
MOD IV MOO V

Comparivon of oxides of nitrogen emivvions from
combustor cancepts and from production combusior.

(d) Oxides of Nitrogen Emissions

4




O  Production Combustor
©  Advanced technolagy
combustor
Madified production
200 !— combustor
10 ° 5 O Proguction combustor
» < Advanced technology
g 60 combustor
= o [ Moditied production
: 100 combustor
o 1981 wF
NME "
8 —_— ° 1984 60— 8 o o
o+ NCE g [ o PR
T80-17(T~4) 1190-7 crg-50(T~2) o %33.0 2.8 1984
| 2 r NeE
1 | | | 1 1 % ©
L. s 20—
{a) CO emission results and standards. 11907 CF6-50
: J180-17 l l
o (o] o i0 | | 1 1 | i
o {c) NO, emission results and standards.
L o o
Ar-17.5 o
3 g2 e
:_‘ 10— c NCE
£ °F 6.7 1981 H 0 °
o o NME ¥ -7 cge-50
. i J1e0-17 T l
3.3 1984 0 | ] | | | J
- NCE ) 0 100 %) 180 20 0
o Thrust. N
3 o 8o-17 o @) Smoke emission results and standards,
b . © 1901 CF6-50 MME = Newly Manufactured Engine
LL' 1 1 | I l‘ N NCE = Newly Certified Engines
R R T ) 20 4
Thrust, N
(b) THC emission results and standards,
(SOURCE: Jones, Diehl, et al.,
1978)
FIGURE A-7-2
COMPARISON OF PRODUCTION, MODIFIED PRODUCTION, AND ADVANCED TECHNOLOGY
COMBUSTORS WITH EPA (1978-PROPOSED) STANDARDS




HC EPAP, G/kW

CO EPAP, GIW

501-D22A

20—
A A Production combustor
& Reverse Flow Dome
Lo combustor
a5 NCE Jan, 84
s s
— a
L. 9
=
al | ] | _J g"
(a) CO emission standards.
.80 — A
60—
L0+
2 }— 8
=]
c
¥
1} o €
LB o
L0 wn
o NCE Jan. 84
N
(173
a
o L1 1
0 2000 4000 6000 8000
Power, kW
D) THC emission standards.

(SOURCE: Jones, Diehl, et al., 1978)
TURBOPROP CLASS ENGINE EMISSIONS COMPARED TO EPA STANDARDS PROPOSED FOR 1984

FIGURE A-7-3

-501-D22A
& Production combustor
A Reverse Flow Dome

- combustor
-
—
B NCE Jan. 84
i 2
—
| | | J
{c) NO, emission standards.
a
NME Jan. 79
a

| | | J

2000 4000 6000 8000
Power, kW
(d) Smoke emission standards.
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APPENDIX SECTION A.8
TEST OF HYPOTHESIS H-8

Hypothesis H-8: 'Aircraft controls should not be set solely on judge-

ments of best available control technology'.

Issues: The establishment of emission standards at levels representing
the best available control technology makes sense if the maximum
emission reductions with few economic constraints can be justified.
Sources which emit hazardous pollutants with known serious health effects
may fall into this category. Conversely, where maximum controls are

not required, other techniques which balance air quality benefits with
economic or other objectives may be preferable. Aviation sources

appear to fall into the latter category since the air quality benefits
from controls are debatable and the costs are not trivial.

Discussion: Several aviation standard setting techniques which can be

considered alternatives to best available control technology (BACT) are
discussed in Chapter VIII. As illustrated in Table VIII-5, these tech-
niques can suggest quite different levels of control and requirements
for control. For example, CO controls are technologically feasible but
may have little environmental benefit (from emission comparisoms, roll-
back, and event trees) and are slightly less cost effective than other
control strategies now under serious consideration. Some NOx control
is possible (BACT, or more properly in this case, best advanced control
technology) but is well above the cost effectiveness of other strategies.
The way that standard setting judgements are made depends on the

relative weights given to each technique.
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The preference toward basic policy objectives i1s illustrated below:

Environmental Multi Economic
Objective Preference Objective Preference Objective Preference
L\ J

N
BACT Combination of Various Cost Effectiveness
Standard Setting Tech-
niques

The issue of whether aviation standards should be set solely using
a BACT technique is therefore a policy question, not a technical one.

A rigorous political science or social science analysis is beyond the
scope of this work. Instead the recently released National Commission
on Air Quality (NCAQ) report is used as an indicator of what past policy
has been and perhaps what it should be.

The commission's general conclusion is that the structure of the
Clean Air Act is sound and that refinements, rather than fundimental
changes, are needed (NCAQ, 1981, p. 1-8). One observation is that
(NCAQ, 1981, p. 1-6):

"The structure of the Clean Air Act-~as it was enacted in
1970 and modified in 1977-- provided the framework for

the commission's research activities. While the cornerstone
of the Act's requirements are the provisions providing for
the establishment of national ambient air quality standards
to protect public health and public welfare, the Act includes
specific technology requirements that also must be met re-
gardless of whether they are necessary to meet specific

air quality standards. This structure reflects a decision
by Congress to combine the two general approaches available
for addressing pollution problems--a goals-oriented approach
and a technology-based one, rather than rely on either one
alone".

The technology~based approach appears to be most appropriate for sources

of hazardous pollutants and for new source performance standards.
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Application to aviation sources suggests that the BACT approach alone
is adequate. The NAAQS approach applied to aviation sources suggests
that either no controls are warranted or that only THC and perhaps Nox
controls are warranted due to their possible implication in 0x violations.

EPA is not expected to add NAAQS for additional pollutants but
will continue to refine and revise standards for pollutants already
regulated. The costs of meeting NAAQS should not be considered in the
standard itself but in how control programs are implemented in specific
areas of the country (NCAQ, 1981, p. 2,1-2). A balance between air
quality objectives in severely polluted areas and the economic, social,
energy and other costs in meeting those objectives are suggested.

The Clean Air Act gives EPA sole responsibility for control of new
mobile sources. EPA and the state/local governments share in the con-
trol of in-use motor vehicles (NCAQ, 1981, p. 2.1-10). This concept
appears to apply to aircraft as well as motor vehicles except that the
U.S. Federal Aviation Administration is also respounsible for all safety
concerns. Aircraft towing rather than taxiing is an example where
in-use control strategies could be devised on a local basis. The FAA
concerns about potential flight safety problems would first have to be
resolved, however. Most states rely on the Federal control of emissions
from cars rather than on in-use transportation controls (NCAQ, 1981,

p. 2.1~21)., 1If this experience can be extrapolated to aircraft, emission
reductions from towing or other in-use strategies would be low. Federally
mandated strategies in certain airports or cost savings from fuel costs
could reverse this projection.

Some aspects of the Federal new source performance standards (NSPS)

are of interest even though in a different part of the Clean Air Act
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from aircraft. New source performance standards adopted by EPA
generally require the use of good controls but not necessarily the
technology that would result in the lowest possible emission levels
(NCAQ, 1981, p. 2.1-64). There is some indication that this same
philosophy has been considered by EPA for aircraft controls. A letter
from the EPA Office of Air Quality Planning and Standards to the
Assistant Administrator for Air and Waste Management (Barber, 1977)
argues that some form of NOx control will be needed on newly designed
aircraft engines but that they should be in line with the cost effective-
ness of other sources of similar size. The precedent has been established
to set a NSPS level which was cost effective rather than set solely on
the BACT approach.

Conclusions: Other emission standard setting techniques in addition

to maximum technological control appear to provide additional informa-
tion to help determine a balance among air quality, economic and other
objectives. The need for this balance appears to be suggested in the
Report of the National Commission on Air Quality. This could lead

(or perhaps reflect) a trend away from strict environmental constraints
and toward approaches based on economic efficiency. The conclusion
that alternative techniques, in addition maximum control technology,
should be used to establish aviation emission standards is assumed
throughout this work. This assumption is necessary since the determin-
ation of how emission standards should be established is a policy

question rather than a technical question.
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(NOT INCLUDED - NO TEST
OF HYPOTHESIS H-9 NEEDED)
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APPENDIX SECTION A.10
TEST OF HYPOTHESIS H-10

Hypothesis H-10: "A combination of national and local option control

strategies are best'.

Issues: Both national and local aviation control strategies may be pre-
ferable to only national controls. This allows an increase in the total
emission reductions or less stringent national controls supplemented by
localized controls as needed. The energy and environmental benefits of
localized strategies, such as aircraft towing, must be weighed against
safety and economic concerns.

Discussion: National aviation control strategies dealing with aircraft
engine redesign are analyzed in H-4 and H-7. A number of alternative
strategies have been proposed and will be discussed in this Appendix.
Strategies considered are as follows:

1. Engine Shutdown: Since most of the THC and CO emissions are

during aircraft taxi/idle operations, a shutdown of some of
the engines (¢.g. 2 engines in a 4 engine aircraft) can have

a large potential benefit. The remaining engines operate in

a higher, more efficient range which further reduces emissions.
Gate hold procedures which minimize taxi times are also in-
cluded in this category in the tables in this Appendix.

2. Aircraft Towing: The towing of aircraft between active runways

and the terminal gate area would eliminate most aircraft taxi
emissions. Specially designed Diesel tow tractors would pro-
duce low emissions and a considerable fuel savings. Like engine

shutdown, towing could be implemented according to the local

needs for emission control.

[




190

3. Fleet Mix: A higher percentage of wide~body aircraft in the
fleet would allow fewer take-offs and landings. This would
lower the per passenger emissions at an airport.

4. Capacity Control: A strategy which imposes a higher passenger

load factor in any type of aircraft could also reduce the
number of aircraft operations. As with the fleet mix strategy,
controls could not be imposed at a single airport but would
require carefully planned routing for a number of major airports.

5. Airport Design Configurations: Airports could theoretically be

designed to minimize aircraft taxi times, aircraft parking

densities, and ground motor vehicle densities. Aircraft tow

tractor staging areas and return pathways could be designed.

As concluded in H~6, only THC and CO reductions are feasible

with alternative control strategies. Aircraft controls for NOx and
smoke must involve engine redesign. Since aviatiom controls for CO
do not produce a significant air quality benefit (see H-5), the eval-
uation of strategies in this hypothesis will focus on THC.

Data Evaluation: Data to evaluate this hypothesis are quite weak since

controls which could be implemented on a local basis have never been
used in practice. Only two studies were found which evaluate alternative
aviation emission control strategies including both national and local
option possibilities. Results of those studies and comparisons from
this work are shown in Table A-9.

The test of this hypothesis is to determine if some combination of
national and local option control strategies are best in the development
of aviation emission controls. Three criteria, emission benefit, cost

of control, and implementation difficulty, are used to make the judgement

\ RS "1
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of which strategies are "best'. The emission benefits from various
strategies at 20 of the most active airports in the U.S. are shown

in Table A-9-1, Over half of the U.S. commercial air carrier operations
are at these airports. Aircraft engine emission controls offer the
largest potential emission benefits. Aircraft towing, fleet mix, and

to a lesser degree, engine shutdown, also promise significant emission
reductions.

The costs of aviation control strategies are compared in Table
A-9-2, Estimated costs for capacity control, fleet mix and airport
design configuration strategies could not be found. Modified ground
operations such as towing and engine shutdown are clearly cost-effective
with large net savings rather than costs. As illustrated in this table,
projected increases in jet fuel costs from $1.00 to $1.50 per gallon
greatly increase this savings potential. Aircraft engine standards have
costs, rather than savings, per ton of THC eliminated. These costs are
typically $200 to $500 per ton and are in the range of other non-aviation
emission control strategies being implemented by EPA.

Findings: A summary of these costs and benefits plus a description of
the difficulty of strategy implementation are presented in Table A-9-3.
Aircraft engine controls offer the largest emission benefits but also

the largest control costs., Implementation is logistically easier due to
the small number of engine manufacturers compared to the large number of
airports where other strategies would have to be implemented. This could
be one reason why other more cost-effective strategies have been largely
overlooked.

Aircraft towing and engine shutdown are attractive strategies if

the implementation difficulties can be overcome (see H-1l). The severe

e iiiiateh it R S e 7 S
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difficulty in implementation of the fleet mix, capacity control and
airport design strategies make their adoption highly unlikely. The
difficulties are more organizational than technological. The limited
emission benefits would hardly justify the vast Federal organization
for the planning and control of these strategies.

Conclusions: Combinations of national and local aviation control
strategies are concluded to be better than either type alone. National
strategies are effective, can be implemented with minimal difficulty,
but have significant cost penalties. Local option controls such as
aircraft towing or engine shutdown can reduce THC emissions at an air-
port by hundreds of tons per year at a cost savings of perhaps a million
dollars per year per airport. Pollution control strategies rarely
offer simultaneous energy, environmental, and economic benefits.

Safety and operational concerns associated with these strategies have
never been resolved; nor have they been confirmed. A much more aggre-~
ssive program than has been seen over the past eight years is therefore
recommended in order to demonstrate the practicality of these local

option control strategies.




193

*379) Janog A1STTIXNY JOo umcpamyg

TvUTRIe] U30A13q S1aBusseesq 30deuwi] 9
**paads arp1 suySuz sswazduj °g
cecereccoluTag IVVIEITA 01 PrOY $INH ‘¢
LT AR R -aﬂ’b—vuﬂﬂ. ﬂ:uﬂetw Jrwy .B.—.ﬂﬂ on} °g
269" seecerc(unopinye auiBus) Ixe) surbug aug °z
Nﬂﬂ.............-....-.............-Eds._. uu'hdu«( 1

$9003IINPa3 U] SuiAc[o]
Yl aeNEd 03 PIIVETIND Badn Ja0d21e satsfuy eoT Y3 IT esinpevoad punoad jo
VOTIBOTIIPON “PTQIOPI) aq 03 PUNO] YIOq I1aa 831nped01d TYuojIeiddo puncal
IJ¥I2ITe JO UOTIPITITPON ay3 puw ABoTOWD33 1018NqR0D AU Jo jusedorsasp eyl

QL rrerereeraneneans

*((2939218 Yyorm »q Avw SUOTIONPII SUCTESIES

T¥I3Ua304 "3933 PISY) 110dife PIUETIV ay) uj SuUOTIvIado sjwynmre 03 13pio

uy 1apom #3y3 Ul UROPINnys SujSus #O7INid 03 PIWNESY Siem 3I}EIDATE IYI jO
oBviuacaad yiwes v LJup)) -sjusEsrcidm] (iwms Kjuo ®p1Acid Yo13u0d Liyowded
pur unopiInye JujBug  -13pI0o ITYI uy ‘sjusesacidat L377end 31® 03 PUF DN
382318238 2y) aprAcid 8702301 XJW ISIY) PUE ‘spiwpuvis Uorseyee suifus ‘Sujmoy

ISACTTOJ §¢ 3aw SUOTENTOUO)  -SUCTESIE3 3JB1d1fw
*onpea 01 9879919218 1013000 IATIPNISITE AUWE 32enTEAS 01 Pasn B¥A 31041V PIUSTIV 3y JO BUTTISPOm 183ndWOD SA}SUSIXNY

‘(17T-H 938) euiadu0r L1yjes 02 INp ATNOTIJIP »q Lve Bupmo3l
3J92017¢ Jo uojIwIuamaidmy -I[NOTIITP Ka19A aq o3 paBpn[ ey uvoyIvIueme(dwy pue
sa11T9uad 1900 UAOUNUN J1¥ P1IYT ‘SUOYIORPII uojewyms 3%iey A1yPTIVRI0E Mas)jo
AB239138 XJW 3391) 3yl ITIUM “(-6-V IqQEl uj paIeaBEne 21w sPyBaieiis [0IIVOD

Jo uojiviudmardey Ul SITITNOTIITP [PIIL104 °19ABAOY ‘vo) 1ad ssef[op jO
Spussnoy) (¥1aAds 01 dn uni uwd 83dK) JuUBuUI swos ‘eeIIeEile [O1IVOD UOTI
-n110d 13yjo sv aBuv: swws Iy UT 219 PUY HHL JO UOI IBd SIRYTOP JO SPRAPUNY
[®12n3¢ 380D A[[¥37dA1 suoisejma suiBud 3391313¢ JO [0IIV0) - (Z-6-V #TQeL
#8g) *paITUIMIT2 DL jo uol 33d 00'e$ ©3 000°t$ ATyBno1 jo aBuraws yeyIURIOd
YIrA 8218219218 24710932 190D 31¢ X{W 1aayj puv Bulnol *(1-6-V S1qel 335)
‘9218338116 [01JUCD [PuO}INU BF [lan g [FI0] YIIA [qIesod A[IeIF1210)

31 SUO}IONPII UCIESTED JHL JO 1994 1ad SUOI JO SPUWENOY]I O3 SPsIpUNy

v °d
9 4

(ze61) vaa -2

€91 °d

(SL6T) oTT1a1D 1

Nlon syyy ‘0

3ISTV4 Jndl

7

< 1531 WV SI0MINOD IVOOT GNY ‘TVNOTIVN 40 NOILVNIRWOD V >
OT-H SISIHLOJAH J0 1S3l
01~V 379Vl

FONTEIAN ¥30%0



L e S —

*oTqTeE0y ‘J

2311nb ajemyisa-asa0 aBaw] °(G/6T) OITFAIT) UT Sas5EaIdDUT IJeIdATR ApPOoq-9pTA paidafoad uo paseq %9¢ jo 3jewylisy () ]
*(TL6T) Vdd uT %6Yv-%vE pue ‘(G/6T) OTITAID ur 3izodare eueylv 243 e weiBoiad 3823 3yl uo paseq %/

‘(vL61) uosdues uy yg4%-%TZ ‘(6L6T) SEUTT2D UT %(0§ 1B S2IBWIISD 13YylQ ‘1oyine syl Aq %G¢ Jo ajewyisy ()
*30BI13U0D FOd °S°N IIpun

*0) % TTOUYOITH ‘Wormaer ‘Ieag £q pasodoad (086T),,° *Burmol 3jevadaty, UT Apnis paTIrIap uo paseq suOTIINPIY (f)
*(%-H sT83y3z0dLy 3o uoysnyouod)

a1qissod A1TeorBotouyoal iwadde yp6 pue %0, UIIMIDQ SUOTIONPIY ‘%08 IT POIBWIISD 21 SUOTIONPaI T0I3u0) (7)
‘1861 ‘T AeW ‘*oul ‘I¥0

£q 30B13U0D VY31 1apun paodnpoiad ‘sseg eleg suorssywy Ixodiyy yyg woil eviep paysyrqndun ‘samer ‘saydsyoneg (T)

194

(2Z1) 6°% (%9S) S 2T  (%sg) T°9T  (%16) %9°0Z (%0L) 1Z°'8T ST 0% V10l
1° £ z (%L2) s1° 6€° [30) TeuoyieN- ) q‘uoiBuryseyn
T G’ £ (%02) 61° G9°* £6°0 eduey
T° G’ € (%0¢c) sz* $9° £6°0 emodEl-2T33wRS
A 9°1 0°'T (%8%) o%'1 €0°2 06°2 ooSYouRljy uUEBs
T 9° LN (%26S) <9° L o1°'t SINOT *3§
1 £ A (%69) ot 6¢" 650 y8anqsi3td
T 9° L (zey) 6%° 08° VAR etyd{aperIud
T L U (%262) st £€8° 61°1 BIPIBNDERT-YI0X MAN
8" 9°¢ €7  (4TL) 99°Y 1( wh'9 Apauuay-ji0x MaN
T LA z (z0z) €1° 9%* $9°'0 Tneqd - is-strodesauuty
¢ 1 8" (%9¢) 08° s 1 12°2 TReTH
9* 87 L°T (%) 81°¢C SYg €6 Y sa7aluy so]
T 9° U (%€£2) £2° 1L Z0°1 uo038noy
€ 1 8" (%81) 6t 16°1T S1'¢ NTNTOUOH
T o € (%296) 18° %9° 160 1aauaq
T 01 9° (28S) z0°'1 £€2°1 SL1 yizoM 310i/seyred
8° L€ €z (AT €Ly 99°% $9°9 aieq,0 o8ed1yYd
T 0°1 9° (zew) L 9z°1 081 uolsog
(ZZ1) € (%9%) %°1 (zs¢) 6* (ze%) S0'T  (200) 2L°1 9 A4 ejueyly
T (9)T0I3U0D  (G)XTW  (%)UMOpInyS  (g)JuUIMol  (¢)S1013u0)  (AX/DHL SUOL 000T) 110dITY
£31oede) 19914 aut8uy autduy (1)e3ed 0861~

(UOF3ONPaY %) 1X/DHL SUOL/W Q0OT-UOTIONPAY SUOTSSTWY DHL SUOTSSTWY JHL 3IFLAIATY

SAIOIIVILS TOYINOD NOIIVIAV WOHd SIIJHANIE NOISSIWA
T-0T-V 9719VL




195

TABLE A-10-2
COSTS OF AVIATION CONTROL STRATEGIES

U.S. Control Costs*®

or (Savings) Cost Effectiveness¥*
Reference Control Strategy ($ million/year) ($/Ton THC Eliminated)
A, Modified Ground Operations
1. "Atrcraft Towing... Towing -$1/gal jet fuel ( 80) (3857) %%
(1980) -$1.50/gal jet (193) (9306) *%
fuel
2. Sampson (1974) Engine Shutdown plus ( 20) to (3355) %%
Gate Hold ( 30)**
3. EPA...NPRM Any Type of ''Ground ( 10)
(Dec. 12, 1972) Operations"
4., Horowitz Engine Shutdown
(Jan. 1972) -EPA Estimates ( 55)
~-FAA ( 8)
-United Air Lines (12)
-Eastern(FAA Pro- (G-}
jection)
B. Aircraft Engine Emission Standards
l 1. Wilcox (Dec. 1979) 1981NME + 1985IUE 188 200
' 2. Pratt & Whitney 1981NME for JT-8D 200%*
(1978) for JT-9D 800**
1985IVE for JT-8D 1300%*»
for JT-9D 2500%*%
3. General Electric 1981NME + 19851UE 750 to 1160
(1978)
4. Schneider (1973) All 1973 Standards ' 141
(EPA is Source)
5. Day, Bertrand 1981NME + 19851VE 455 to 631
(1978)
6. EPA...NPRM 1981NME . 560
(1978) 19851UE 390
7. ICAQ, WGA (1980) 1981NME + 19851UE 1400

*(...) = Net savings after capital improvement. equipment, manpower and maintenance costs were deducted.
*#*Costs estimated by this author based on data in reference as shown.




Control Strategy

Emission
Benefit

TABLE A-10-3
EVALUATION OF AVIATION EMISSION CONTROL STRATEGIES

Cost (or Savings)
of Control

Implementation Difficulty(l)

1.

Engine Control
Standards

Aircraft
Towing

Engine
Shutdown

Fleet Mix

Capacity
Control

Alrport Design
Configurations

Large

Large

Moderate

Unknown
(potentially
large)

Small

Small

(1) Based on judgements of this author.

Quantitative data not available,

Moderate Costs
(Generally in lice
with non-aviation
THC control strate-
gles

Large Savings

Moderate Savings

Unknown
(potentially
large costs)

Unknown

Unknown

Small difficulty compared to

other strategies:
Implementation depends on small

numbers of engine and air frame
manufacturers. The concepts for con-~
trol have generally been developed.
Certification procedures are ded.

Large difficulty: High speed tractors
must be purchased, operational pro-
cedures developed, tractor return path-
ways created, and safety concerns re-
solved prior to implementation. Both
energy and emission benefits are strong
incentives to thoroughly test this
alternative.

Moderate difficulty: Requirements to
taxi aircraft on fewer engines or to

hold at the gates until ready for

take-off are subject to concerns over
safety and air traffic controller work-;
load.

Severe difficulty: National regulatiom

of the type of aircraft used by air
carriers is needed. This is contrary te
Federal deregulation policies and could
have serious economic comnsequences.

Severe difficulty: National regulation
of the routes and capacities is needed.
Disruption of schedules would not be

warranted by minimal emission benefits.

Large difficulty: Completely new alrpo
designs are rare. Designs which reduce
aircraft and motor vehicle operating
times and densities are hard to put in
regulation. Special pathways for towing
tractors could be incorporated.




APPENDIX SECTION A.ll

TEST OF HYPOTHESIS H-11

Hypothesis H-11l: "Techniques for implementation of national plus local

controls are not adequate'.

Issues: Aviation emission controls on a local option basis have been
proposed but never implemented. As indicated in the Clean Air Act
(Section 231), any aviation regulation shall take effect only after a
period needed to permit development of the requisite technology. The
availability of this technology is the subject of this hypothesis.
Discussion: Aviation emission controls as needed on a local basis could
take several forms. The towing of aircraft between terminal gates and
runways has been considered. Another option appears to be reduced air-
craft engine operation during taxi-out or taxi-in procedures. Also,
the back-log of aircraft waiting to take-off, sometimes ten or more
could theoretically be eliminated by holding them at the gates until
ready. Airport design considerations which reduce aircraft and motor
vehicle congestion could also reduce air pollution emission densities.
While all of these concepts to reduce or disperse emissions are theore-
tically possible, none have been routinely put into practice.

Data Evaluation: Demonstration studies were found only for aircraft

towing, reduced engine operation and gate hold procedures. Five refer-
ence sources are evaluated in Table A-10 with the best and most recent
references listed first. Since essentially all the studies support a
"true" hypothesis outcome, a summary listing is not shown.

Reference 1 is by far the most extensive of the four references




198

which deal with aircraft towing. It is still a "paper study", however.

High speed tractors to tow the aircraft have been proposed by two manuf-

acturers. Their use appears promising enough to warrant extensive testing

at a major airport. A demonstration is therefore planned at the

Seattle~Tacoma Airport in fiscal year 1982 (Reference 3 on Table A-10),
FAA sponsored two contracts to study potential nose gear problems

due to high dynamic loadings from aircraft towing. One study found

fatigue life of the nose gear was not affected while the other study

predicted some problems could develop. Tug driver technique influences

the potential damage and FAA concerns are still not resolved (Reference

2 on Table A-10).

The proposed Massachusetts Port Authority regulation to require

aircraft towing was never promulgated after a study concluded towing
could be hazardous and was ineffective for ncise reduction (Reference 4
on Table A-10).

Reference 5 on Table A-10 describes a six week program to test
reduced engine operating procedures and gate hold procedures. While
safety problems were not experienced, the conclusion was made that
additional development would be necessary to overcome air traffic con-
troller workload difficulties (with gate hold procedures) and to more
extensively demonstrate the feasibility of reduced engine taxi procedures.
Conclusions: Short-range aircraft towing has been conducted for years
with no serious safety or operational problems. Long-range towing (ie.
between the runway and the terminal gate) has never been practiced and
would require further development of both equipment and operational
procedures. Reduced aircraft engine operating procedures during taxi

(especially taxi-in) and gate hold procedures appear possible but

— ' e ——_—_————M




have been inadequately tested. These techniques are potentially useful

but cannot be considered adequate until all safety and operational

concerns can be resolved. Further development is required through

extensive airport test and evaluation programs.
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APPENDIX B - EMISSION COMPARISONS
(DESCRIBED IN CHAPTERS VIII AND IX)
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TABLE B-1
AIRPORT/COUNTY EMISSION DENSITY RATIO

-NO CONTROLS 204
(§§§§-A1xpoat . %ﬁ%ﬁ COUNTY)
1975 1995

ID CITY (AIRPORT) THC Co Mo TTHC —CO RO
ATL  ATLANTA 5.1 5.2 8.9 3.9 13.9 19.5
BOS  BOSTON 5.4 4.4 6.3 5.8  20.6 14.4
CLE  CLEVELAND 1.0 1.2 0.8 0.7 3.3 3.8
DCA  WASHINGTON (NATIONAL) 1.2 1.3 3.0 1.1 3.8 4.7
DEN  DENVER 0.4 0.3 0.5 0.3 0.7 0.9
DFW  DALLAS/FORT WORTH 0.8 1.0 1.4 0.7 2.4 2.5
DTW  DETROIT 0.4 0.3 0.5 0.3 0.9 0.9
EWR  NEWARK 1.1 0.7 1.1 1.1 3.1 2.6
HNL  HONOLULU 4.4 2.6 2.8 4.0 10.7 4.1
IAH  HOUSTON 0.6 1.2 0.8 0.5 2.2 1.5
JFK  NEW YORK(J.F. KENNEDY) 1.1 0.5 0.3 0.5 1.2 0.4
LAS  LAS VEGAS
LAX  LOS ANGELES 6.8 4.4 7.1 4.7 13.5 9.7
LGA  NEW YORK(LA GUARDIA) 1.0 1.0 1.1 1.1 3.2 1.4
MCI  KANSAS CITY
MEM  MEMPHIS 0.9 2.1 1.3 1.7 9.0 2.8
MIA  MIAMI
MSP  MINNEAPOLIS 0.9 1.0 2.0 1.0 2.3 3.9
ORD  CHICAGO (O'HARE) 1.5 1.7 1.5 0.9 3.2 2.4
PHL  PHILADELPHIA 0.4 0.3 0.4 0.3 0.6 0.6
PHX  PHOENIX
PIT  PITTSBURGH 0.4 0.3 0.3 0.6 1.3 0.8
SEA  SEATTLE-TACOMA
SFO  SAN FRANCISCO 3.9 1.8 4.7 2.8 4.0 6.7
STL  ST. LOUIS 0.2 0.1 0.2 0.4 0.4 0.7
TPA  TAMPA




TABLE B-2 205
AIRCRAFT THC ENGINE EMISSIONS
~WITHOUT ENGINE CONTROLS
(METRIC TONS PER YEAR)
ID CITY (AIRPORT). 1975 1980 1985 1990 1995
ATL  ATLANTA 3227 2450 1909 2187 2468
BOS  BOSTON 1737 1807 1558 1707 1788
CLE  CLEVELAND 734 623 443 425 494
DCA  WASHINGTON (NATIONAL) 518 547 516 511 523
DEN  DENVER 1185 908 766 859 962
DFW  DALLAS/FORT WORTH 2068 1747 1683 1695 2030
DTW  DETROIT 1229 1071 996 1000 1020
EWR  NEWARK 1553 1231 1143 1241 1504
HNL  HONOLULU 2357 2147 2152 2271 2360
IAH  HOUSTON 946 1018 803 816 974
JFK NEW YORK(J.F. KENNEDY) 9571 6441 5276 4571 4399
LAS  LAS VEGAS 1252 1157 974 1041 1299
LAX  LOS ANGELES 5512 4931 4004 3910 3801
LGA  NEW YORK(LA GUARDIA) 1005 1187 1135 1188 1291
MCI KANSAS CITY 629 601 626 823 1035
MEM  MEMPHIS 373 162 594 732 895
MIA  MIAMI 2266 2211 2092 2412 2676
f MSP  MINNEAPOLIS 562 648 583 668 779
ORD  CHICAGO(O'HARE) 8131 6646 5378 5463 5723
PHL  PHILADELPHIA 1645 1142 1149 1173 1310
E PHX  PHOENIX 1494 988 868 786 955
| PIT  PITTSBURGH 751 554 639 786 965
SEA  SEATTLE-TACOMA 951 933 716 725 776
SFO  SAN FRANCISCO 3623 2900 2226 2237 2338
STL  ST. LOUIS 1059 1103 1293 1576 2012
TPA  TAMPA 725 928 887 1025 1221

55083 46381 40409 41828 45596




TABLE B-3
. AIRCRAFT THC ENGINE EMISSIONS
-EPA CONTROLS PROPOSED IN 1978 206
(ASSUMED FULLY IMPLEMENTED BY 1990)
(METRIC TONS PER YEAR)

1D CITY (AIRPORT) 1975 1980 1985 1990 1995
ATL  ATLANTA 355 339
BOS  BOSTON 170 174
CLE  CLEVELAND 98 111
DCA  WASHINGTON (NATIONAL) 143 147
DEN  DENVER 195 208
DFW  DALLAS/FORT WORTH 210 222
DTW  DETROIT 130 133
EWR  NEWARK 203 235
HNL  HONOLULU 245 269
IAH  HOUSTON 205 203
JFK  NEW YORK(J.F. KENNEDY) 246 258
LAS  LAS VEGAS 165 184
LAX  LOS ANGELES 330 337
LGA  NEW YORK(LA GUARDIA) 156 162
MCI  KANSAS CITY 113 137
MEM  MEMPHIS 165 195
MIA  MIAMI 241 283
MSP  MINNEAPOLIS 151 178
ORD  CHICAGO(O'HARE) 478 505
PHL  PHILADELPHIA 307 314
PHX  PHOENIX 226 262
PIT  PITTSBURGH 190 228
SEA  SEATTLE-TACOMA 117 141
SFO  SAN FRANCISCO 200 211
STL  ST. LOUIS 135 154
TPA  TAMPA . N 121 141
TOTALS ) Same as "NO_CONTROLS" ’ 5295 5731




TABLE B-4
AIRCRAFT THC ENGINE EMISSIONS 207
-ICAO CONTROLS OR LESS
(METRIC TONS PER YEAR)

ID CITY (AIRPORT) 1975 1980 1985 1990 1995
ATL  ATLANTA 282 310 290
BOS  BOSTON 208 195 206
CLE  CLEVELAND 78 87 99
DCA  WASHINGTON (NATIONAL) 129 133 138
DEN  DENVER 158 178 190
DFW  DALLAS/FORT WORTH 190 233 257
DTW  DETROIT 114 128 131
EWR  NEWARK 186 228 267
HNL  HONOLULU 196 218 238
IAH  HOUSTON 150 191 189 {
JFK  NEW YORK(J.F. KENNEDY) 310 311 337
LAS  LAS VEGAS 153 180 206
LAX  LOS ANGELES 352 376 390
LGA  NEW YORK(LA GUARDIA) 177 183 195
MCI  KANSAS CITY 99 126 160 1
MEM  MEMPHIS 147 178 215
MIA  MIAMI 244 292 348
MSP  MINNEAPOLIS 116 138 160
ORD  CHICAGO(O'HARE) 458 492 527
PHL  PHILADELPHIA 293 319 331
PHX  PHOENIX 292 237 278
PIT  PITTSBURGH 154 188 229
SEA  SEATTLE-TACOMA 90 110 133
SFO  SAN FRANCISCO 219 234 255
STL  ST. LOUIS 147 184 228
TPA  TAMPA L o, s 139 165
TOTALS Same as "NO CONTROLS" 5057 5588 6162




‘ TABLE B-5

AIRCRAFT THC ENGINE EMISSIONS 208
~ICAO (JUST MEETS STANDARDS)
(METRIC TONS PER YEAR)

ID CITY (AIRPORT) 1975 1980 1985 1990 1995
ATL  ATLANTA 1263 1614 1953
BOS  BOSTON 488 592 723
CLE  CLEVELAND 223 290 366
DCA  WASHINGTON (NATIONAL) 340 389 447
DEN  DENVER 486 600 719
DFW  DALLAS/FORT WORTH 540 723 902
DTW  DETROIT 332 424 530
EWR  NEWARK 390 510 642
HNL  HONOLULU 805 951 1146
IAH  HOUSTON 420 573 704
JFK  NEW YORK(J.F. KENNEDY) 1118 1179 1360
LAS  LAS VEGAS 351 455 563
| LAX  LOS ANGELES 1115 1314 1470
LGA NEW YORK(LA GUARDIA) 489 532 613
l MCI  KANSAS CITY 267 364 481
o MEM  MEMPHIS 258 320 395
MIA  MIAMI 598 757 952
MSP MINNEAPOLIS 346 434 540
ORD  CHICAGO(O'HARE) 1928 2284 2660
PHL  PHILADELPHIA 499 603 681
‘ PHX  PHOENIX 434 429 524
PIT  PITTSBURGH 322 414 527
SEA  SEATTLE-TACOMA . 282 362 459
SFO  SAN FRANCISCO 615 729 850
STL  ST. LOUIS 318 437 577
TPA  TAMPA 336 436 550
TOTALS Same as "NO CONFROLS" 14563 17715 2133

| ‘ o ‘ ~____M
‘ N —




TABLE B-6
AIRCRAFT NO_ ENGINE EMISSIONS 209
-WITHODT ENGINE CONTROLS
(METRIC TONS PER YEAR)
ID CITY (AIRPORT) 1975 1980 1985 1990 1995
ATL  ATLANTA 2336 3359 4760 5928 7366
BOS  BOSTON 1016 1408 1975 2608 3248
CLE  CLEVELAND 620 797 1128 1459 1850
DCA  WASHINGTON (NATIONAL) 892 1141 14627 1634 1895
DEN  DENVER 1060 1440 1950 2395 2924
DFW  DALLAS/FORT WORTH 1562 2001 2697 3490 4451
DTW  DETROIT 903 1191 1624 2057 2637
EWR  NEWARK 662 841 1174 1532 1925
HNL  HONOLULU 1017 1335 1695 2004 2432
IAH  HOUSTON 687 962 1366 1784 2366
JFK  NEW YORK(J.F. KENNEDY) 2346 2299 2749 2800 3169
LAS  LAS VEGAS 549 744 1046 1339 1692
LAX  LOS ANGELES 2555 3180 3891 4531 5061
LGA  NEW YORK(LA GUARDIA) 1236 1399 1470 1571 1806
MCI  KANSAS CITY 508 698 1034 1374 1801
MEM  MEMPHIS 476 613 857 1057 1303
MIA  MIAMI 1514 1992 2632 3257 4066
MSP  MINNEAPOLIS 806 1286 1471 1832 2289
ORD  CHICAGO(O'HARE) 3678 4613 5775 6717 7671
PHL  PHILADELPHIA 842 897 1296 1660 1947
PHX  PHOENIX 481 632 831 1037 1299
PIT  PITTSBURGH 760 985 1501 1927 2468
SEA  SEATTLE-TACOMA 811 1039 1368 1718 2144
SFO  SAN FRANCISCO 1656 1958 2394 2830 3293
STL  ST. LOUIS 781 1075 1712 2327 3131
TPA  TAMPA 632 968 1276 1624 2032
TOTAL 30384 38853 51099 62492 76286

4




r ' Y — — ~ o . — ot s
¢ TABLE B-7

AIRCRAFT NO_ ENGINE EMISSIONS
L ~EPA CONTRSLS PROPOSED IN 1978 210
(ASSUMED FULLY IMPLEMENTED BY 1990)
(METRIC TONS PER YEAR)
ID CITY (AIRPORT) 1975 1980 1985 _ 1990 1995
ATL  ATLANTA 3834 4400
BOS  BOSTON 1691 1909
CLE  CLEVELAND ‘ 927 1063
DCA  WASHINGTON(NATIONAL) 1135 1187
DEN  DENVER 1601 1799
DFW  DALLAS/FORT WORTH 2327 2710
DTW  DETROIT 1309 1489
EWR  NEWARK 970 1127
HNL  HONOLULU 1182 1350
IAH  HOUSTON 1198 1425
JFK  NEW YORK(J.F. KENNEDY) 1712 1772
LAS  LAS VEGAS 857 1002
LAX  LOS ANGELES 2771 2868
LGA  NEW YORK(LA GUARDIA) 1072 1124
l | MCI  KANSAS CITY 952 1122
MEM  MEMPHIS 773 882
MIA  MIAMI 2045 2336
' MSP  MINNEAPOLIS 1073 1242
ORD  CHICAGO(O'HARE) 4170 4400
PHL  PHILADELPHIA 1096 1163
PHX  PHOENIX 735 859
PIT  PITTSBURGH 1290 1506
SEA  SEATTLE-TACOMA 1029 1166
SFO  SAN FRANCISCO 1777 1879
STL  ST. LOUIS 1524 1854
TPA  TAMPA 1042 1194
— . j
TOTALS Same as "NO CONTROLS" 40092 44828




TABLE B-8
AIRCRAFT NO_ ENGINE EMISSIONS 211
-ICAO CONTROLS (OR LESS)
(METRIC TONS PER YEAR)
1D CITY (AIRPORT) 1975 1980 1985 1990 1995
ATL  ATLANTA 4959 6404 8076
BOS  BOSTON 2163 2928 3706
CLE  CLEVELAND 1163 1553 2024
DCA  WASHINGTON (NATIONAL) 1453 1752 2089
DEN  DENVER 2088 2668 3314
DFW  DALLAS/FORT WORTH 2794 3763 4895
DIW  DETROIT 1742 2251 2921
EWR  NEWARK 1250 1621 2127
HNL  HONOLULU 2010 2375 2862
IAH  HOUSTON 1425 1917 2547
JFK  NEW YORK(J.F. KENNEDY) 3196 3255 3665
LAS  LAS VEGAS 1167 1532 1980
LAX  LOS ANGELES 4387 5121 5728
LGA  NEW YORK(LA GUARDIA) 1490 1663 1962
MCI  KANSAS CITY 999 1409 1905
MEM  MEMPHIS 893 1160 1483
MIA  MIAMI 2798 3528 4442
MSP  MINNEAPOLIS 1399 1812 2296
ORD  CHICAGO (O'HARE) 6141 7197 8428
PHL  PHILADELPHIA 1372 1799 2173
PHX  PHOENIX 877 1128 1435
PIT  PITTSBURGH 1654 2234 2940
SEA  SEATTLE-TACOMA 1373 1730 2179
SFO  SAN FRANCISCO 2644 3136 3654
STL  ST. LOUIS 1788 2556 3485
TPA  TAMPA 1262 1641 2085
— —t

TOTALS Same as "NO CONTROLS" 54487 67133 84401




TABLE B-9

AIRCRAFT CO ENGINE EMISSIONS 212

~WITHOUT CONTROLS
(METRIC TONS PER YEAR)

ID CITY (AIRPORT) 1975 1980 1985 1990 1995
ATL  ATLANTA 7177 5382 6084 6920 7787
BOS  BOSTON 3420 4078 4667 5206 5255
CLE  CLEVELAND 1910 2076 2287 2593 3012
DCA  WASHINGTON (NATIONAL) 1921 2362 2467 2540 2636
DEN  DENVER 3143 3315 3674 4167 4282
DFW  DALLAS/FORT WORTH 3260 3427 3925 4433 5046
DIW  DETROIT 2331 2501 2868 3179 3390
EWR  NEWARK 2176 2085 2360 2750 3281
HNL  HONOLULU 4923 6036 7255 8257 9127 1
IAH  HOUSTON 1723 2149 2472 2919 3256
JFK  NEW YORK(J.F. KENNEDY) 11980 9461 9308 8833 9177
LAS  LAS VEGAS 3966 5249 6538 7792 9190
LAX  LOS ANGELES 7701 7939 7887 8292 8541
LGA  NEW YORK(LA GUARDIA) 2925 3286 3033 3107 3285
MCI  KANSAS CITY 1513 1750 2145 2684 3254
MEM  MEMPHIS 3263 3531 4670 5656 6834
MIA  MIAMI 6327 6810 8702 10628 12748
MSP  MINNEAPOLIS 1870 2533 2766 3265 3859
ORD  CHICAGO(O'HARE) 11806 11787 1 048 13085 14093
PHL  PHILADELPHIA 2835 2566 2916 2754 2964
PHX  PHOENIX 4023 3971 4466 4954 5825
PIT  PITTSBURGH 1498 1498 1883 2303 2773
SEA  SEATTLE-TACOMA 1999 2470 2865 3386 4043
SFO  SAN FRANCISCO 5225 5060 4809 5102 5450
STL  ST. LOUIS 2574 2719 3126 3556 4130
TPA  TAMPA 2211 2718 3254 3849 4558
TOTALS 103700 106759 118475 132210 147796
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TABLE B-10
AIRCRAFT CO ENGINE EMISSIONS
-EPA CONTROLS PROPOSED IN 1978 213
(ASSUMED FULLY IMPLEMENTED BY 1990)
(METRIC TONS PER YEAR)
ID CITY (AIRPORT) 1975 1980 1985 1990 1995
ATL  ATLANTA 2888 3072
BOS  BOSTON 2881 2669
CLE  CLEVELAND 1824 2095
DCA  WASHINGTON(NATIONAL) 1729 1792
DEN  DENVER 2734 2641
DFW  DALLAS/FORT WORTH 1950 2065
DIW  DETROIT 1669 1666
EWR  NEWARK 1102 1287
HNL  HONOLULU 4423 4830
IAH  HOUSTON 1611 1616
JFK  NEW YORK(J.F. KENNEDY) 2293 2435
LAS  LAS VEGAS 6362 7392
LAX  LOS ANGELES 2731 2815
LGA NEW YORK(LA GUARDIA) 1511 1567
MCI  KANSAS CITY 1534 1852
MEM  MEMPHIS 4803 5800
MIA  MIAMI 7391 9056
MSP  MINNEAPOLIS 2011 2372
ORD  CHICAGO(O'HARE) 4094 4400
PHL  PHILADELPHIA 1274 1288
PHX  PHOENIX 4056 4740
PIT  PITTSBURGH 1231 1459
SEA  SEATTLE-TACOMA 2180 2682
SFO  SAN FRANCISCO 1971 2079
STL  ST. LOUIS 1575 1592
TPA  TAMPA 2347 2793
k —y= J

TOTALS Same as "NO CONTRoLs" 70175 78055




TABLE B-11
AIRCRAFT CO ENGINE EMISSIONS 214
-ICAO CONTROLS (OR LESS)
(METRIC TONS PER YEAR)
ID CITY (AIRPORT) 1975 1980 1985 1990 1995
ATL ATLANTA 3016 3738 4559
BOS BOSTON 2803 3152 3158
CLE CLEVELAND 1598 1894 2253
DCA WASHINGTON (NATIONAL) 1707 1869 2066
DEN DENVER 2450 2842 2932
DFW DALLAS/FORT WORTH 1776 2329 2798
DTW DETROIT 1517 1753 1845
EWR NEWARK 1008 1275 1605
HNL HONOLULU 3584 4207 4665
IAH HOUSTON 1284 1739 1921
JFK NEW YORK(J.F. KENNEDY) 2284 2347 2599
LAS LAS VEGAS 5307 6446 7564
LAX LOS ANGELES 2588 2874 3143
LGA NEW YORK(LA GUARDIA) 1614 1784 2033
MCI KANSAS CITY 1351 1782 2339
MEM MEMPHIS 4027 4915 5995
MIA MIAMI 6121 7739 9656
MSP MINNEAPOLIS 1740 2131 2628
ORD CHICAGO (O 'HARE) 3823 4380 5160
PHL PHILADELPHIA 1657 1441 1585
PHX PHOENIX 3670 4155 4935
PIT PITTSBURGH 1037 1329 1685
SEA SEATTLE-TACOMA 1780 2267 2874
SFO SAN FRANCISCO 1896 2123 2409
STL ST. LOUIS 1628 1913 2213
TPA  TAMPA 2079 2595 3239
. ~ —J

TOTALS Same as "NO CONTROLS" 63345 75019 87819

T




TABLE B-12
AIRCRAFT CO ENGINE EMISSIONS 215
-ICAO (JUST MEETS STANDARDS)
(METRIC TONS PER YEAR)
ID CITY (AIRPORT) 1975 1980 1985 1990 1995
ATL  ATLANTA 7538 9580 11771
BOS  BOSTON 4268 5166 5692
CLE  CLEVELAND 2319 2878 3526
DCA  WASHINGTON (NATIONAL) 2722 3057 3451
DEN  DENVER 4072 4875 5398
DFW  DALLAS/FORT WORTH 3568 4752 5873
DTW  DETROIT 2647 3260 3845
EWR  NEWARK 2096 2751 3498
HNL  HONOLULU 6816 8049 9348
IAH  HOUSTON ‘ 2605 3543 4283
JFK  NEW YORK(J.F., KENNEDY) 6841 7176 8211
LAS  LAS VEGAS 6358 7882 9399
LAX  LOS ANGELES 6750 7903 8811
LGA  NEW YORK(LA GUARDIA) 3197 3492 3978
MCI  KANSAS CITY 2172 2890 3760
MEM  MEMPHIS 4604 5646 6904
MIA  MIAMI 8063 10214 12766
MSP  MINNEAPOLIS 2890 3584 4428
ORD  CHICAGO(O'HARE) 11534 13624 15857
PHL  PHILADELPHIA 2729 2874 3299
PHX  PHOENIX 4401 5125 6143
PIT  PITTSBURGH 1892 2460 3144
SEA  SEATTLE-TACOMA 2764 3527 4460
SFO  SAN FRANCISCO 4075 4778 5519
STL  ST. LOUIS 2613 3283 4040
TPA  TAMPA 3219 4065 5062
(@ ~ —
TOTALS Same as "NO CONTROLS" 112753 136434 162466
1




AIRCRAFT CO EMISSIONS AT 26 LARGEST COMMERCIAL AIRPORTS (1000 M-TONS PER YEAR)

180

160

140 |

120 ;

100 |

80 |

60 |

40 |

20 4

216

ICAO Recommended Limits .o

“>No Engine Controls

\ N e
\ N ICAO (Or Less)\/

-

1975 1980 1985 1990 1995 2000

PROJECTION OF AIRCRAFT ENGINE CARBON MONOXIDE EMISSIONS ‘
FIGURE B-1




APPENDIX C ~ EVENT TREE DEVELOPMENT




218

CALCULATIONS OF AIRCRAFT EMISSION (G) USED IN "EVENT TFREE" APPLICATION

(CHAPTER VIII-E)

1. Compute Emissions Per Average Aircraft Landing and
Takeoff (LTO) Cycle:
-Los Angeles airport (LAX) is chosen for this example.
Assumed Aircraft 1 co (2) Weighted CO
(Engine) Fleet Mix 1980 LTOé %Z) (kg/LTO Cycle) Emissions
B727-200 (3JT8D-17) 50697 (28%) 25 7.0
DC10-30 (3CF6-6D) 24708 (147) 53 7.4
B707-320B(4JT-3D-7) 36486 (20%) 119 23.8
B747 (4JT-9D-7) 16971 (09%) 118 10.6
DC9/B737 (2JT-8D-17) 40942 (23%) 17 3.9
L1011 (3RR-RB211- 11088 (06%) 90 5.4
228) 180892 (100%)

Total Emissions (kg/"average LTO")....eevveevsusosa. | 58,
2. Compute "Worst Hour' Emissions:

-51 takeoffs per hour are considered a reasonable maximum and
occurred during the 8-9 a.m. period on August 4, 1977 at LAX
(Yamartino, 1979). Also assume 51 complete LTO cycles per hour
(probably worse than expected).

-C0: 51 LTOs % 58 kg CO 1000 g/kg - 822 g CO/Sec

Hr LTO  * 3600 Sec/Hr _
(1) U.S. EPA (January 1977), AC 77-01, page 48 -- specific for LAX.
(2) U.S. EPA (February 1980), AP 42, Supplement 10, page 3.2.1-14

(A1l CO emissions assumed in taxi/idle mode).

oy




CALCULATION OF DISPERSION FACTOR (A) USED IN "EVENT TREE" APPLICATION
(CHAPTER VIII-E)

1. A simple geometry of the LAX airport is assumed. It is reason-
ably close to that presented in a more complex model by
Yamartino and Rote, 1979, p. 131.

2R eere——e——

—w=WIND = Im/sec I North l)/{l .5 km grid

i Terminal 822 g/sec Ry

Stability E Main
25R am ! Terminal | Takeoffs R%
25L ~
|t 2. 3km
2. CO Computations: — 3.0km

1
~Assume: (1) The '"worst case" wind and stability shown above.

(2) All CO emissions are uniformly distributed in the
1.5 km grid area above (tendency to under-estimate).

(3) Curves in Turner (1970, page 8) are reasonable for
an hourly concentration estimate (tendency to over-
estimate).

(4) "Virtual source'" method for areas. Since this tends
to over-estimate at receptor R,, the average of the
Ry and R, (edge of grid) estimates is used.

-Compute: The initial horizontal standard deviation (o ) for
the grid is: 1.5 km _ 0.35 km.
4.3 (Turner, 1970, p. 40)
The virtual distance (x ) is therefore = 8.5 km.
Y (Turner, 1970, p. 8)
Then forx+ x = 3.0 + 8.5 = 11.5 km,
y (Turner, 1970, p. 40)
.o c = 470 meters; o_= 42 m (Turner, 1970, p. 8)

Assuming the effective plume height (H) is 10 meters:

The center line

concentration at Ry O = __Q_ _expl- -1/2 ( 2 ) ]

woyo Y (Turner, 1970, p. 6)
10,2 3
X; = 822 g/sec CO exp [-1/2 (42) ] = 12.9mg/m
1(470m) (42m) (1m/sec)

(Turner, 1970, p. 8)

The outer edge
(X,)=13.25 m RN
concentration at R, 2 E§ (0.972) exp [ 1/2(oy) ]
where y = 7850, °y = 470.

Xy = 3.61




2. CO Computations (Cont'd.)

Then averaging: 'S at R, = 8. 26(1)
(x1 and Xx,)

3. Convert the CO concentration to a‘dispersion factor (A) for
use in the "event trees':

4§!m3 CO max hour

-y = - ug/m’
A=y = 8260 yg/m> CO = 10.8 ( B
Q 822 g CO/sec

4. Event Tree computer runs are made with the assumptions shown
in Figure VIII-7 and described below:

-Assume the LAX emissions can be 207 greater than those
predicted (25% of the time) and 207 less (25% of the time).

-Assume CO aircraft eng‘~e controls of 50%, 602‘25 70% can
be implemented with eq. .trobabilities (0.33 each).

-Assume the "worst hourly' dispersion modelling errors can
range from factors of 3 too low to factors of 3 too high
(with probabilities shown in Figure VIII-7).

5. The resulting event tree results from the above calculations
are graphed and shown in Figure VIII-8.

(1) Note that this predicted concentration is about a factor of
3 higher than Yamartino and Rote, 1979.




/32280 e Rt gREeERERN EVENT TREE CRREEESEERILESLSVIRSNRSISNERSINSSS/
EVENT: PROCEOURE OPTIONS (MAIN)3
DCL (6¢3)¢ PG(3)v/s GENERATED EMISSIONS, PROBABILITY OF 6 o/
E{3)4PE(3)s /% EMISSIUN CONTROLSs PROBe OF E s/
ALS)sPA(S)e /7% AIR DISPERSIUN CUOEFe ¢ PROBe OF A o/
UiS)ePU(S})s /e UNCERTAINTY OF PRLOICTIUN, FRUB, OF U s/

C122%5), /7« COMPUTED CONCENTRATLON ARRAY 4/

P1223) /% PROBABILITY ARRAY »/

SP(2257 /s SUM O PROBe ARRAY #/

MAXVAL +TEMP gAVEsguM) FLOAy DECH /¢ TEMP vALyUEy s/
DCL (IeJeKelo /% INDEX OF GiEvAel s/

10 /% Ip NUMBER OF ARRAVS (1 TQ 373) s/

MINe /% SORT ROUTINE CQUNTERS =/

MAyx _POS) /% POSITION OF MAx CONUENTRATION IN ARRAY =/

FIXED DECIMAL?
GET LIST (G+EsA VPG PEJPAPU)

/e=s  COMPYTE 225 CONCENTRATIONS AND PRUBABILITIES e/
D01 =3 To 3%
0o J =170 3¢
DO K =1 70 S%
Do L =1 70 83
10 = 1 ¢ 3s(J=1) + 98(K=1) ¢+ 439(L-1)3 /% ID FOR ARRAYS s/
CUID) = GI(I) » E(J) o ALK) o ULL)E

P(ID) PG(IVSPE(J) sPAIK) sPU(L);
gENDY
END3
ENUS
END?
l /ess  SORT C(225) ARRAY FROM SMALL TO LARGE AND KEY TO PU(223) sse/
' DO M = 225 TO 2 BY =11 /* REPEAT pOR LiSTS O DIMINISKING SILE e/

MAXyAL = C(1)3
MAXPOS = 1 3
/+se  SEARCH SUB_LIST FOR MAXVAL es/
OO Nz2TOM: 3
IF C(N) > MAXVAL THEN 003

MAXVAL = CINj}
MAXPOS = NI
END¢

END3
/%s  SWAP TO PUT MAXVAL AT END OF LIST , ALSO SWAP PROB, se/
TEMP 2 CiMy
SAVE = P(M)3
CiM) = C(MAXPOS)?¢
PiM) = PIMAXPOS)¢
CI{MAXPOS) = TEMPS
P(MAXPOS) = SAVE!Q
ENDS
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/ses  FINp SUM OF PROBABILITIES sss/
SUM = 0,0 8
Op M =1 7g 225
SP(M) = SUM + P(M)1
1 SUM = SP(M) i
END3

/%8 PRINT INPUT DATA sen/
PUT SKIP(1) EDITI*GENLRATED ¢ *EMISSION® ¢ *qIR COEF,*
*UNCERTAINTY?)
b (x(10)0A(9)ox(11)¢A(8)ox(12)4A(10)sx(10)0A(11))
Put sKIP(1) EDIT(EMISSIONS® ¢ *CONTROLS® ¢« *OISPERSION® o
'OF PREDICTION®}
(X(10)0A(9) e X(11)sA(8) e X(12),A(20)¢X(10)+A(13))1}
PUT SKIP(I) EDI?('(KILOGR““SISEC)'0'( FRACTION LEFT,*,
1 *{10008CUNCSU/Q) "¢ *{FRACTION ADJUSTMLNT)")
(COLIB)sAvcOLI28) sArcOLINI) sArcOLIET)A)E
PUuT SKIP(1) LIST(REPEAT("_'+119))3
00 I =31 TO 3%
PUT SKIP(1) EDIT(G(I)+E(I)eA(L)U(I))
(COL¢7)sF1001)¢COL(32)¢F(5¢3)+COL(50)¢E(1042)+COL(T4),
F(5¢3))18 )
END
00 I = 4 TO 5%
PUT SKIP(1) EDIT¢A(CI)) (X(4Y)2E(L1042))3
PUT SKIP(0) EDIT(U(I)) (COL(74)eF(5¢3))3
END?
PUT SKIP(2) EDIT(*PROBABILITIES OF ABOVE') (X(6)4A)}
PUT SK1P(1, LXST(REPER?"-'0119),S
00 I =1703
PUT SKIP(1) EDIT(PG(I}PE(LI}+PA(L)+PU(])) (COL(IO)'F(5¢2)v
COLI32)eF(S5¢2)eCOL(DI)oF(S¢2)+COLITH)F(5¢2))3
END?
D0 I =4 T09 3
PUT SKIP (1) EOIT(PA(I))(COL(S3)F(5:2))1%
PUT SKIP(0) EDIT(PU(I)) (COL(T4)+F(5¢2))3
ENDS

PUT SKIP(3) LIST(REPEAT(*_."¢119))3
/ese PRINT COMPUTED DATA asn/
PUT SKIP(3) LIST(*CONCENTRATIONS (MICROGRAMS PER CUB METER)$')}
PUT SKIP(1) LIST(C)?
PUT SKIP(3) LIST(+FPi OBABILITY OF CUNCENTRATIONS LESS THANZ+)3
PUT SKIP(1) LIST(SP)}
PUT SKIP(3) LISY('PROBABILITIES: *);
PUT SKIP(1) LIST(P)S
END /% MAIN PRQGRAN */
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APPENDIX D - "AIRCRAFT AND AIR POLLUTION"
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Aircraft and air pollution

The pollutants of greatest concern are hydrocarbons and
NOy; but a direct link between aircraft emissions and health ;
or welfare effects has yet to be demonstrated !

Dennis F. Naugle
U.S. Air Force
Chapel Hill, N.C. 27514

Donald L. Fox
University of North Carolina
Chapel Hill, N.C. 27514

Are federal regulations needed to
control air pollution from aircraft?

The Clean Air Act directs the EPA
administrator to issue emission stan-
dards for “aircraft engines which in his
judgment cause or contribute to air
pollution which may reasonably be
anticipated to endanger public health
or welfare.” Critics charge that the
regulations, first issued in 1973, are
overly complex and stringent, and that
immediate energy shortages and do-
mestic economic problems may take
precedence over pollution remedies
that take years or even decades to im-
plement. Furthermore, they say, de-
tailed air quality studies have yet to
substantiate EPA’s 1973 determina-
tion that aircraft directly endanger
public health or welfare.

Proponents argue that ambient air
standards for oxidants and other pol-
lutants are frequently violated and will
continue to be unless the best available
control technology is applied 1o many
sources—including those the size of
airports.

Aiircraft in perspective

Emissions from aircraft are a smalt
part of total emissions from all sources

on a national scale. Aircraft account
for 1% of hydrocarbons (HC), oxides
of nitrogen (NO,), and carbon mon-
oxide (CQ) (/), and an even smaller
fraction of particulate matter (PM)
and oxides of sulfur (SO, ) (Figure 1).
Small, geheral aviation aircraft are the
least important of the three categories
shown in the figure; they have recently
been exempted from all emission
standards (2). Commercial aircraft
have lower HC but higher NO, emis-
sions than do military aircraft due to
a greater proportion of larger and
newer engines.

On the regional and local scales,
where identifiable effects on heaith
and welfare usually occur, the contri-
butions of aircraft can be greater. The
region considered in Figure | includes
10 Atlanta-area counties for area
sources and a grid extending 12 miles
from the Atlanta airport for point
sources (3); aircraft contribute ap-
proximately 3% of the emissions in this
region. The contribution could increase
to 6-10% by 1990, however, as air
traffic increases and. air pollution
controls are applied to other sources.
Evaporative emissions from the stor-
age and transfer of aircraft fuel are
also projected to increase, by a factor
of four. A switch to alternative fuels
with lower vapor pressures, such as
those derived fre: * shale oil, could cut
this increase.

Aircraft are the dominant source
within the Atlanta airport; proposed
control strategies have generally fo-

0013-936X/81/0915-0391801.25/0 © 1981 American Chemical Society

Reprinted with permission from Environmental Science & Technology.

cused on aircraft engine emission
ductions rather than other air
sources. Emissions data as shown!
Figure 1 are not always representa
of air quality effects, however. Air
emissions are distributed throug
much of the airport and are subj
considerable atmospheric dilution
contrast, emissions from autom
traffic are often concentrated in
gested terminal areas with red
potential for atmospheric mixi
(Recent measurements of CO i
and outside of a congested ai
terminal area were less than leve
sociated with health effects, but
ther studies may be necessary (4
Emission studies such as those
sented in Figure | have other se
shortcomings. National emissions
are subject to inaccuracies due t
large number of sources and cal
tions involved; this is especially t
aircraft because the transtation
cent emission-factor data over
many operational modes and
different airport situations can
complex task. Regional differe
emissions are bound to occur.
contribution of the Atlanta air|
regional emissions appears to be
in most regions, it is 1% or less (.
Another way to suggest the i
tance of aircraft as an air pol
source is by comparison with
source categories. Aircraft hyd
bon emissions are plotted in Fi
along with the top 60 source cat
for which EPA is considering

Volume 15, Number 4, April 1981




i m . R
226
FIGURE 1
Aircraft contribution: 1% nationwide
National
Source HC NO, co
All aircraft 1.2% 0.6% 0.6%
Commercial 03 0.4 0.2
Military 07 0.2 0.2
General aviation 0.2 - 02
All sources MUy  22My 116 Muy
Regional (Atlanta area )
< Source HC NO, co
R . Aircraft 3.2% 3.1% 2.4%
Fuel evaporation 08 —_ —
. All sources 89 kvy 75 k¥y 300 kty
’ # Y *
LAY
Local (Atlanta airport)
Source HC NO, co
Aircraft 69% 75% 58%
Fuel evaporation 1" —_ —_
Traffic, other 20 22 42
All sources 39kily 29kvy 9.5kVy

Sources. EPA.450v4.79-019. EPA-450/3.75-052
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tional New Source Performance
Standards (NSPS) (6). The 27 sources
for which NSPS have already been
promulgated are not shown. Such
comparisons are not frequently made
since aircraft are regulated in-a dif-
ferent part of the federal Clean Air
Act and by different divisions within
EPA. Aircraft rank as the [ [th highest
category, both when comparing annual
emissions ( T,) and emisstons reduction
potential (Ty — T,), the difference
between levels with current control
standards (T) and levels projected
with new or hypothesized control
standards (T,). (Aircraft emissions
between cities are not included—only
those from aircraft landing and takeoff
cycles in the airport vicinity. A 70%
hyurocarbon control averaged over all
aircraft is assumed.)

There are strong pressures for EPA
to regulate all HC sources possible
since the oxidant ambient air quality
standard cannot be met until at least
1987 and then only with a 46% reduc-
tion in cmissions from the 1977 level
(7). This reduction requires strict
vehicular emission control standards,
automotive inspection and mainte-
nance programs, and vigorous NSPS
programs. The aircraft emission re-
duction potential represents 2% of the
6% needed nationwide. The number
of stationary sources for which NSPS
will ultimately be promulgated re-
mains to be seen, but could include

many or even most of the sources rep-
resented in Figure 2.

No direct effects

Nearly 200 technical reports and
papers contain some evidence related
to the effect of aviation on ambient air
quality (8). Methods used in these
studies include emission analyses,
dispersion modeling, and ambient
measurement studies. Unfortunately,
each method has flaws that make
general scientific conclusions difficult.
Emission analyses are readily under-
standable but are not directly compa-
rable to air quality standards. Disper-
sion models explicitly rclate aircraft
emissions to air quality but can become
sa complex that they are hard to verify.
They also suffer from unknown
plume-rise and dispersion-simulation
errors. Ambient measurement data are
difficult to interpret since concentra-
tions caused by airports are not readily
separated from those caused by other
metropolitan sources.

Results of previous studies are too
lengthy to include here but are pre-
sented in detail in a recent technical
report (9). Based on that and carlier
reports, aircraft are not a direct cause
of health and welfare effects. EPA
thus would not have to issue aircraft
emissions standards based on the
maximum control possible. Less
stringent but more cost-effective
standards could be considered.

4"'———"—-—-——-—-.-—___."____“

Aircraft may, however, contribute
to some health and welfare effects. The
pollutants of greatest concern are hy-
drocarbons (because of the serious
nationwide ozone problem) and ni-
trogen oxides (because of the possible
introduction of a short-term NO,
standard).

Control technology now appears
adequate to prevent objectionable
emissions of visible smoke, but it may
not be sufficient in the future if avia-
tion fuels derived from shale oil are
used. Carbon monoxide is not viewed
as a serious problem from aircraft.
Relaxed CO emission constraints may
allow more emphasis by engine de-
signers on HC or NO_ limitations.
Potential problems from other sub-
stances in aircraft exhaust products
have not been identified 1n the few
scientific studies conducted to date.

Complete agreement with these
conclusions among all investigators is
not necessarily expected due to the
large and often conflicting body of in-
formation that must be integrated;
future scientific studies may alter
current judgments. Two important
issues of technical uncertainty re-
main:

» The significance of aircraft HC
emissions in the atmospheric forma-
tion of photochemical oxidants is un-
known. Aircraft emissions that result
in ambient nonmethane hydrocarbon
concentrations in excess of the 160-

FIGURE 2

Cumulative HC emissions,
T, (1000 t/y, 1975)
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ug/m?3 air quality guideline have been
widely measured and modeled. This
guideline is very crude, however, and
is no longer recornmended by regula-
tory agencies.

o The effect of aircraft emissions on
maximum short-term NO; concen-
trations is questionable. The evidence
that aircraft could produce hourly
NO, concentrations in the 0.2-0.5-
ppm (parts per million) range is sug-
gestive but certainly not conclusive.
The conversion rate of NO emissions
to NO, in conjunction with atmo-
spheric dilution is not well understood.
Also, the short-term NO, ambient
standard, to be used as a measure of
health effects, has not yet been is-
sued.

Whether any pollutant from aircraft
contributes to adverse health or wel-
fare effects is therefore still debatable
and not easily resolved from current
scientific information.

Controls and costs

Debate over the air quality effect of
aircraft would be less important if
controls could readily be implemented
to reduce even further what many
consider already to be a small source.
Unfortunately, there are considerable
engincering problems and costs in-
volved. A basic understanding of the
pollutant formation process is needed
to appreciate the proposed control
techniques and their difficulties.

The primary combustion zone of an
aircraft engine (Figure 3) is charac-
terized by a high temperature (T) and
a fuel-rich condition (indicated by a
high equivalence ratio (¢), the local
fuel-air ratio divided by the stoichio-
metric fuel-air ratio). Dilution air
causes low temperatures and fuel-lean
conditions in the secondary zone. High
HC concentrations in the combustor
occur initially as the fuel vaporizes, but
then rapidly decrease. CO is formed in
fuel-rich conditions but can be sub-
stantially oxidized to CO;. Nitric oxide
(NO) is formed at high temperatures
when sufficient oxygen is available and
is typically **‘quenched” from decom-
position by the cool secondary air flow.
Particulate matter is formed when fuel
droplets are inadequately vaporized
prior to combustion. Oxidation of the
carbonaccous particles proceeds unless
“frozen" by low-temperature air such
as that near the combustion liner
(10).

The technology for control of air-
craft engine emissions is detailed in
other sources (/1-13); however, some
general approaches are outlined in
Table 1. The conventional technolo-
gies, effective for HC, CO, and smoke,
have been generally demonstrated but
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FIGURE 3
Poliutant formation in a gas turbine
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TABLE 1

Alrcraft engine emission control technology
Conventional combustor emission control technology

(HC, CO, and smoke control)
Fuel sectoring Restrict fuel to portion of combustor
Better fuel atorization
Higher flame temperature
Enrich primary Reduce primary airflow for higher flame temperature
zone . .
Delay dilution air Promote CO consumption
Air blast - Usae venturi to breakup fuel droplets

Advanced combustor emission control technology
(NO, control in addition to other pollutants)

Staged fuel Provide both pilot and main-stage ignition
|n]ectlon Higher flame temperatura at idle

Minimize peak temperatures at high power
Variable geometry Opllmlze airflow for thrust condition = __




many require additional testing as
dictated by the degree of control re-
quired. The advanced technologies
needed for any appreciabie NO, con-
trol would require additional devel-
opment, testing, and evaluation prior
to implementation. Emission controls
are currently the prime motivation for
redesigning engines using current jet
fuels. Potential improvements in
thrust, fuel economy, or durability
would not otherwise warrant such
complex new designs. A future switch
to fuels from alternative energy
sources such as oil shale might neces-
sitate these advanced technology con-
cepts to maintain engine durability,
however.

Implementation of conventional and
advanced combustor technologies for
large commercial aircraft engines
could cost $1.5-3 billion over a 10-year
period (/4). Whether the cost of con-
trols exceeds the air quality benefits is
difficult to answer. Data in a recent
cost-effectiveness study (/5) suggest
that aircraft engine controls for HC
and CO that cost several hundred
dollars per ton of emission reduction
are in line with some other EPA con-
trol strategies. NO, controls, possible
only with advanced combustor tech-
nology. cost a projected $3400-9700
per ton (two to 10 times higher than
NO, controls for other sources).

Present aircraft emission levels would
not appear to justify these kinds of

expenditures.

Unless constrained by NO, regu-
lations, however, future aircraft will
use more efficient engines with higher
pressure ratios and combustor inlet
temperatures, which will in turn in-
crease NO, emissions. Difficult policy
decisions will have to be made. The
options are:

o allow future engine efficiency
improvements accompanied by large
aircraft NO, increases

o limit future NO, emission levels,
which may constrain engine efficiency
improvements

o force the high costs of undevel-
oped advanced combustor technologies
in order to have both more efficient
engines and reduced aircraft NO,
emissions.

Regulatory outlook

Meanwhile, the regulatory picture
remains complicated. The military,
which is not subject to EPA standards,
has set its own emissions *‘goals” as a
design limit for future engines. These
goals are intended to strike a com-
promise between the many design
considerations—including perfor-
mance—and do not make emissions an
overriding factor (/6). ’

EPA, which has made numerous
revisions to its ariginal 1973 standards
(17), is still in the process of consid-
ering changes proposed in 1978 (/8).
These specify mass emissions per unit
of thrust and are based on emission
measurements made across the engine
exhaust exit at various engine modes,
fuel flows, and thrust levels. These
measurements are then multiplied by
EPA time-in-mode factors to estimate
emissions over the longest times
needed for aircraft approach, landing,
taxiing, shutdown, start-up, takeoff,
and climbing to 3000 feet.

A simpler set of standards were re-
cently recommended by the Interna-
tional Civil Aviation Organization
(19). These would not result in as great
an emission reduction but would pro-
vide some controls for future engine
emissions and would presumably make
engine certification more predictable.
They apply to the statistical mean of
engines certified rather than the upper
limit intended by EPA standards.

These recommendations, the cost-
effectiveness of control technologies,
and the absence of a proven link be-
tween aircraft emissions and health
and welfare effects are all key issues.
Their net effect on EPA’s reconsider-
ation of the aircraft air pollution reg-
ufations remains to be seen.
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